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ABSTRACT OF THE DISSERTATION 

 

Direct Synthesis of Semiconducting Transition Metal Dichalcogenide Monolayers and 

Heterojunctions by Chemical Vapor Deposition 

 

by 

 

Jonathan Caplette Shaw 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2016 

Professor Xiangfeng Duan, Chair 

 

Since the isolation of graphene in 2004, interest regarding two-dimensional materials properties 

and their synthesis has exploded.  Group VIb transition metal dichalcogenides (MX2: M=Mo, W; 

X = S, Se) are a class of layered semiconductors that show unique layer-number dependent 

electronic and optical properties. For example, bulk three-dimensional MoS2 is an indirect band 

gap semiconductor with a 1.2 eV band gap, while monolayer MoS2 nanohseet is a direct band 

gap semiconductor with a 1.8 eV energy gap.  This exciting change in electronic structure opens 

several possibilities towards implementing these materials in novel device assemblies such as 

field effect transistors, electroluminescent devices, and flexible optoelectronic devices.  While 

these materials offer great promise, isolating transition metal dichalcogenide monolayers 

requires tedious mechanical exfoliations using scotch tape, which is neither practical nor scalable 

for production.  In the first part of my dissertation, we investigated the synthesis of MoS2 and 
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WS2 monolayers using chemical vapor deposition. The isolated nanosheets were single crystal, 

triangular, and had edge lengths up to 100 µm. In the next chapter, by utilizing H2 gas in a 

chemical vapor deposition apparatus, MoSe2 monolayers and few-layers were also synthesized.  

The MoSe2 nanosheets exhibited thickness-dependent vibrational and optical properties, and a 

notable intense photoluminescence emission from the direct band gap monolayer region. In the 

following chapter, we describe an alternative method to produce WSe2 nanosheets by physically 

vaporizing of WSe2 powder at a high temperature. Using WSe2 powder directly is advantageous 

since under optimal conditions we can selectively grow single-layer WSe2 domains or single-

layer films up to several square centimeters.  Lastly, we combine the synthesis of the transition 

metal chalcogenides previously described into lateral and vertical heterostructures grown in situ 

by chemical vapor deposition.  The lateral MoS2-MoSe2 and WS2-WSe2 heterostructures formed 

stitched monolayer heterojunctions confirmed, as confirmed by photoluminescence and Raman 

spectroscopy studies. Vertical MoS2-MoSe2 and WS2-WSe2 heterojunctions were two layers 

thick and had vibrational and emission confirmations of their composition. This dissertation lays 

the foundation for the rational synthesis of two-dimensional transition metal dichalcogenide 

monolayer and heterostructure, which represents the key challenge to apply these exciting 

materials systems into functional optoelectronic devices.   
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Chapter 1. Introduction to two-dimensional materials: properties and synthesis  

1.1 The rise of two-dimensional nanomaterials 

Nanoscience constitutes the physical, chemical, and biological properties and 

applications and creation of materials in the nanoscale.1 A nanomaterial is defined as any 

material having dimensions or planes on the order of 1 to 100 nm.1 Classes of nanomaterials can 

be broken down into three distinctions: zero-dimensional (0-D), one-dimensional (1-D), and two-

dimensional (2-D). In a 0-D material, no aspect ratio exists but the diameter of the nanoparticles 

is less than 100 nm (typically on the order of 1-10) nm. 0-D materials have an aspect ratios of 

(x:y:z) = 1:1:1. Common examples include CdS or CdSe semiconducting nanocrystals, Pt or 

bimetallic nanoparticles for catalysis, and C60 buckminsterfullerenes.2-6 1-D materials have 

extended spans in one direction, but nanoscale proportions all others.  1-D materials typically 

have aspect ratios of (x:y:z) = 1:1:100, in which the material is extended but lacks width, such as 

a wire.  Semiconducting Si, SiGe, GaAs, or InP nanowires, metallic Pt or Au nanowires, and 

carbon nanotubes are recognized and well-studied 1-D materials.7-11 A 2-D material can be 

described as a layered crystal, which has a thickness on the scale of several nanometers and 

lateral lengths in the micron scale and beyond.  2-D materials typically have an aspect ratio of 

(x:y:z) = (100:100:1), in which the material has an extended blanket or sheet like structure, but is 

very thin (typically one or two atoms thick).  To summarize, the class of the nanomaterial is 

defined by its aspect ratio or the proportional relationship between a material’s length, width or 

diameter, and thickness. 

To understand how to isolate a 2D sheet, one must first understand the bulk 3D 

counterpart.  This can be clearly demonstrated by a layered crystal of graphite, as it is both 

naturally occurring and has been extensively studied. Within the planes of the graphite layers, the 
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crystals are held together by strong, covalent bonds produced by sp2 hybridized molecular 

orbitals.12 The p-orbitals perpendicular to the sp2 bonds, form π-π bonds which are delocalized 

over the entire sheet to give graphite its metallic condictivity.12 All of the aforementioned 

properties are confined within the plane of the layer, which constitutes a single “sheet.” Each of 

these sheets is held in place by weak van der Waals forces from the layers above and below. Van 

der Waals bonds are significantly weaker than covalent bonds12 and can easily slide when mild 

force is applied, making graphite a useful writing utensil or solid-state lubricant.13 If a single 

sheet of graphite is isolated, the geometry is shifted from a 3-D crystal to a 2-D crystal.  In 3-D 

space (x:y:z), a 2-D crystal has dimensions in the x and y directions, but not in the z direction. 

Separating single-sheets results in an isolated 2-D product. Figure 1.1 illustrates classes of 

nanomaterials using sp2-hybridized carbon as an example.  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Four allotropes of sp2 carbon. Graphene (2-D) can be rolled up into a C60 buckyball 
(0-D), a nanotube (1-D), or stacked to create graphite (3-D). Reprinted by permission from 
Macmillian Publishers Ltd: Nature Materials55, 2007.  
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 Theoretical studies predicted single isolated sheets of graphite to be unstable and 

therefore impossible to isolate.14 In 2004, experimental physicists A. K. Geim and K. S. 

Novoselov isolated and observed a single atomic layer sheet of carbon, which was coined 

graphene.15 Geim and Novoselov isolated graphene using a top-down mechanical exfoliation 

approach with scotch tape and were awarded the Nobel Prize in Physics in 2010 for their 

discovery. Graphene has exceptional physical properties, including an extremely high-electron 

mobility, highest thermal conductivity, highest mechanical strength and flexibility, optical 

transparency, and an ultra-thin 2-D geometry .16-20 With these advantageous properties,  graphene 

continues to attract vast attention in an assortment of research areas including chemical 

synthesis, electronic device fabrication, and energy storage.21-24 In addition, due to the ultra-fast 

mobility of graphene (up to 106 cm2/V�s), numerous electronic transistors and devices have been 

fabricated.20,22 However, despite its advantages the electronic structure of graphene can be best 

described as a zero band gap semiconductor.20  Since there is essentially no band gap, the device 

cannot be effectively shut off which results in leakage current.20  To address these issues, other 

semiconducting 2-D materials have been studied.  

1.2 Transition metal dichalcogenides 

Essentially, hundreds of layered materials an their 2D counterparts exist, but for practical 

considerations only layered transition metal dichalcogenides (TMDs) will be considered for the 

remainder of this chapter.  There are forty known TMD compounds.25 The layered TMDs 

structure entails a transition metal center and chalcogen atoms (S, Se, Te) sandwiching the 

transition metal atoms.26 Layered TMDs can be segregated by their periodic group; group four 

metals (Ti, Hf, Zr), group five metals (V, Nb, Ta), group six metals (Mo, W), group seven metals 

(Tc, Re), group nine metals (Co, Rh, Ir) and group ten metals (Pd, Pt) (Fig. 1.2a).25 Layered 
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TMDs have a wide range of electronic properties including metallic, insulating and 

semiconducting.25  

Perhaps the most well-known and broadly studied TMD belongs in group six: MoS2, a 

naturally occurring mineral and chief ore for molybdenum metal refining.27 MoS2 has principally 

been utilized as a dry lubricant owing to its stability up to 350 °C under oxidizing conditions.28 

MoS2 has also been employed as a desulfurization cocatalyst in the petroleum industry.29 The 

original structural studies of MoS2 determined the material to have a AA’ stacked, 2-H 

hexagonal crystal structure with a P63/mmc point group (Fig. 1.2 b,c).25,26,30  The electronic 

properties of bulk MoS2 is semiconducting with a 1.2 eV indirect band gap.31 A single layer of 

MoS2 can be best described as a Mo sheet sandwiched between two S chalcogen sheets, which is 

covalently bound to Mo atoms.26 The unit cell of MoS2 shows that the Mo atoms have a 

coordination of six, the sulfur atoms have a coordination of three and exists in a trigonal 

prismatic D3h space group.26 The trigonal prismatic D3h space group differs from an Oh space 

group in that the S atoms in the unit cell are above and below. In an Oh system, the S atoms have 

“i,” or inversion symmetry (S atom at [x,y,z] and [-x,-y,-z]).  It’s worth mentioning that MoS2 

has a corresponding Oh allotrope, but the material is metastable and will not be mentioned again 

in this thesis.   
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Figure 1.2 (a) Periodic table highlighting the transition metals and chalcogenides, which 
combine to yield transition metal dichalcogenide compounds. Group 4, group 5, group 6, group 
7, group 9 and group 10 transition metals are highlighted. (b) Crystal structure of group 6 
transition metal dichalcogenides (MX2: M = Mo, W; X = S, Se, Te); 2-H hexagonal trigonal 
prismatic crystal structure.  A single layer is consists of a chalcogen sandwiching a metal atom.  
(c) A single molecular unit; D3h trigonal prismatic unit. The metal atom (purple) is sandwiched 
by chalcogens (yellow). Adapted with permission from Macmillian Publishers Ltd: Nature 
Chemistry25, 2013. 
 

The semiconducting nature of MoS2 can be described by group theory and ligand field 

theory using trigonal prismatic MX6 prisms as a model.32 The bonding within the MoS2 layer 

consists primarily of SsSp-ModMos hybridization, and complete occupation of s and p S orbitals.  

The saturation of S bonds results in the inertness between the layers of MoS2 along the basal 

plane.26 For MoS2 (and for all group six TMDs) the Mo has a formal charge of +4, while the S 

has a formal charge of -2. Consequently, two d-electrons remain on the Mo atom (d2 

configuration) (Fig. 1.3a). The valence band and lowest energy bonds consist of Mo-d/S-p 
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hybridized bonding states.33 The next highest energy levels are essentially non-bonding states.  

Ligand field theory tells us that degenerate d-orbitals morph to lose symmetry in order to 

minimize the overall energy of the system.12 The splitting in a trigional prismatic coordination 

results in dz
2 orbitals having the lowest energy, followed by degenerate dxy and dx

2
-y

2 orbitals, 

followed by highest energy dxz and dyz.12 Focusing again on Mo, the two electrons left on Mo 

occupy the dz
2 orbital, and thus have a energy barrier to the next lowest unoccupied state (Fig. 

1.3b).  This ligand field theory model also explains why V, Nb, Ta based TMDs are metallic (d1 

configuration.   

  

Figure 1.3 (a) Ligand field theory model for group six transition metal dichalcogenides (d2) in 
which degenerate d-orbitals split in a trigonal prismatic orientation. (b) Resulting band structure 
showing the semiconducting gap between the dz

2 and dxy, dx
2-y

2 orbitals. Image adapted from 
Ref. 26. 
 

The ligand field theory model is an oversimplification, and a more accurate and empirical 

calculation is needed to accurately determine the bulk electronic structure.  Calculations on the 

band structure reveal that close to the Γ-point, the valence band consists of a mixture of Mo dz2 

and S pz interactions (Fig 1.4).34 Since these orbital interactions are primarily located in the out-

of-plane direction, their energy varies heavily on interlayer distance.  When the interlayer 

distance increases, in the case of separating a 2-D sheet, the energy of the valence bands decrease 

a	
   b	
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due to the antibonding nature of these orbital interactions.,35 Alternatively, valence band 

maximum and conduction band minimum at the Κ-point do not change when the layers detach.  

The energy states at the Κ-point consist of Mo-Mo dxy and ddx
2

-y
2 exchanges, within the plane of 

the MoS2 sheet and independent of interlayer dynamics.35 The gap between these two energy 

levels remains constant at 1.9 eV and doesn’t require a change in momentum.35 Therefore, when 

MoS2 is thinned to a single 2-D sheet, there is a shift in electronic structure from a 1.2 eV 

indirect band gap (ΓèΚ) to a 1.8 eV direct band gap (ΚèΚ).   

 

 

 

 

 

 

 

 

Figure 1.4 Energy dispersion (energy vs. momentum) in bulk, quadlayer, bilayer and monolayer 
MoS2.  The blue and red lines trace the valence band maximum and conduction band minimum, 
respectively. The electronic signature is primarily indirect except when confined to a monolayer. 
Reprinted with permission34 © American Chemical Society.  
 

The considerable shift from an indirect-to-direct band gap is a physical property that is 

shared with all group six TMDs (MX2; M = Mo, W; X = S, Se, Te).  In addition, the ability to 

shift from an indirect-to-direct band gap is a lucrative property, which has made 2-D TMD 

research a popular and innovative topic in the scientific community.36 Direct band gap 

semiconductors are useful as they have several orders of magnitude larger quantum yield in 

absorption and emission of photons compared to an indirect band gap semiconductor.  The 
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sizable direct band gap  of 2-D TMDs (within visible and near-IR range) offers several 

advantages over traditional semiconductors. TMDs are atomically thin (less than one nm thick), 

flexible, transparent, can be prepared in sheets, are switchable between on and off states, and 

exhibit chemical inertness.36 Thin, flexible and transparent optoelectronic devices are attractive 

for applications including solar arrays, wearable electronics, and transparent displays.36 

Mechanically exfoliated TMD samples have been successfully assembled into useful devices 

such as field effect transistors, photodetectors, electroluminescent devices, and chemical 

sensors.37-40 Since 2007, research has been focused at the isolation, assembly, and preparation of 

MoS2 and related TMDs into useful electronic and optoelectronic devices, all of which depend 

on the isolation of a single 2-D sheet.   

1.3 Isolating two-dimensional transition metal dichalcogenide nanosheets 

1.3.1 Top down methods 

The mechanical cleavage method to isolate single-layers can be applied to TMDs and 

MoS2. In principle, these mechanical exfoliation methods are simple.  In 2005, K. S. Novoselov 

et al. isolated 2-D MoS2 by rubbing a solid surface with a large 3-D crystal, similar to “using 

chalk on a blackboard.”41 The group found several flakes on the substrate, which were identified 

as single and few-layer MoS2 crystals. 2-D TMDs produced using cleavage have been reported as 

the most crystalline and best quality among all methods reported.  The simplicity of mechanical 

exfoliation and cleavage make it practical for physicists, chemists, and engineers to research 

fundamental properties and fabricate devices.   

Chemical exfoliation can also be employed to separate 3-D TMD layers into their 2-D 

counterparts.  This method utilizes chemical intercalation to weaken the interaction between the 

atomic layers.  Coleman et al. exfoliated MoS2, WS2, MoSe2 and MoTe2 in (N)-methyl-
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pyrrolidone (NMP) and isopropanol (IPA) by sonication. The single and few-layers obtained had 

lateral dimensions from 50 nm to 1 µm.42 Controllable lithium intercalation is also an alternative 

method which yields single-layer nanosheets.43 Lithium intercalation acts via two mechanisms. 

First, lithium weakens the van der Waals forces between the layers, making the separation easier. 

Second, Li is oxidized to Li+1, which reduces water, produces H2, and forces the layers apart.43  

Laser and plasma thinning are other top-down methods which can yield single-layer 

MoS2.  Castellanos-Gomize et al. fabricated a user-defined size and shape monolayer MoS2 sheet 

with a laser.  The optoelectronic signature was comparable to pristine MoS2.44 Liu et al. 

developed a process to thin MoS2 using an Ar Plasma which allowed the authors to control the 

entire sheet thickness, as  well as fabricate bilayers monolayers and bilayers within the same 

nanosheet.45  

While strong contributions to the field have been made, to date top down methods have 

been neither scalable nor ideal for the mass fabrication of MoS2 single layers and sheets. 

Mechanical exfoliations using scotch tape yield pristine MoS2 nanosheets, unmatched in both 

their crystallinity and performance.  However, cleavage methods are tedious and are only 

realistic for basic research and proof of principle devices.  Chemical exfoliations and 

intercalations are time and resource consuming, and do not have high enough yields to be 

industrially scalable.  Laser thinning and plasma etching methods are promising, but the process 

has yet to be fully optimized.  As an alternative, bottom up methods to produce monolayer MoS2 

are more promising for large-scale production.     

1.3.2 Bottom up methods  

Chemical vapor deposition (CVD) is a versatile and sophisticated process for generating coatings 

and thin films.46 CVD technology and techniques have been comprehensively developed in many 
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trades such as in the light emitting diode (LED) industry, for thin metallic and dielectric films in 

the semiconductor industry, corrosion-resistant films for the aerospace industry,  and for coating 

superhard materials in the petroleum and tool manufacturing industry.46 CVD is be defined as the 

deposition of a solid on a heated surface from a chemical reaction in the vapor phase.46 This 

procedure involves a vapor-transfer process in which the deposition species are atoms or 

molecules.  The advantage of CVD is that the process creates uniform films with controllable 

thickness. In addition, a CVD system can be assembled using inexpensive and readily available 

equipment and precursors.  Like all chemical reactions, a CVD reaction depends on two essential 

principles.  First, the reaction must be thermodynamically favorable, which indicates the 

direction of the reaction and if it proceeds.  Second, the reaction is governed by kinetics, which 

defines both the transport process and rate-control mechanisms.    

CVD techniques have been expanded to include two-dimensional materials as well.  

CVD synthesis of MoS2 is essential for the creation of uniform large area films ideal for wafer-

scale device fabrication.  Chemists have been trying to synthesize single-layer MoS2 since the 

first 2-D MoS2 film was reported in 2005.41 Beginning in 2012, new CVD methods to produce 

single-layer MoS2 have been established. An atomically thin Mo film was deposited on a 

substrate and treated with S vapor.48 Similarly, MoO3 was deposited on a substrate followed by 

annealing including S vapor at a high temperature.47 Liu et al. reported using dip-coating to 

deposit a (NH4)2MoS4 solution on a substrate, followed by annealing under S vapor.49 In another 

report, MoO3 was vaporized to create a MoO2 template followed by treatment with S vapor.50 In 

all of these methods, the MoS2 films were always polycrystalline with a non-uniform thickness, 

typically several layers thick. The electric and optoelectronic performances were significantly 

lower quality than samples prepared by mechanical exfoliation.   
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The first method to definitively synthesize single-crystal domain and single-layer MoS2 

was developed by Lee et al. using MoO3 and S precursors on a pretreated substrate.51 The MoS2 

crystals had three points, but were not quite triangular.  Instead, the crystals resembled three-

pointed stars.  The pretreatment method involved spin coating a reduced graphene-oxide (r-GO) 

solution on the growth substrate to generate a roughness on the surface. It was hypothesized that 

the r-GO film created a sticky surface, which the MoO3 and S precursors could adsorb to and 

chemically react to generate atomically thin MoS2.  The film had a thickness of ~0.7 nm, within 

the interlayer spacing thickness of MoS2.  The Raman and photoluminescence signature showed 

a size-dependent optoelectronic shift, consistent with reports of mechanically exfoliated samples.  

The field effect transistor (FET) had a mobility of 0.7 cm2/V�s, which is several orders of 

magnitude less than FETs fabricated from exfoliated samples.  Although the MoS2 crystals were 

not ideal, this approach opened the door for methods and improvements of CVD synthesized 

MoS2 and related TMD materials.   

In my PhD dissertation, I will first focus on the synthesis of MoS2 and WS2 nanosheet, 

both of which improve the synthesis from the pre-existing and established method.  I will also 

discuss the synthesis of MoSe2 and WSe2, both of which are alternative and complementary 

TMD materials to MoS2 and WS2. The synthesis of MoSe2 described represents the first reported 

synthesis of this material and allowed for the identification of MoSe2 as a potential contender to 

MoS2 and 2D materials.52 The synthesis of WSe2 was reported as the manuscript was being 

prepared, but is still a novel contribution to the field.53 Lastly, I will cover research which 

examines the direct synthesis of lateral and vertical heterojunctions between MoS2-MoSe2 and 

WS2-WSe2 and their growth mechanism.54 The research in this dissertation has helped shape the 
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field of 2D semiconducting films and the methods described lay a platform for future 2D 

materials synthesis.   
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Chapter 2. The synthesis of MoS2 

2.1 Introduction 

As mentioned in the introduction, several attempts were made to isolate a 2-D MoS2 

sheet from its bulk counterpart. Methods included liquid exfoliation, direct sulfination of dip-

coated (NH4)2MoS4, and thermally evaporated Mo or MoO3.1-4 The isolated MoS2 crystals were 

thin, but none were conclusively an isolated a single layer of MoS2. The first undeniable 

synthesis of monolayer MoS2 was reported in 2012 by Lee et al. using a chemical vapor 

deposition (CVD) method.5 The group used a substrate coated with sub-micron scale reduced 

graphene oxide (r-GO) flakes to create a sticky surface. Next, they co-evaporated S and MoO3 

powders in a horizontal tube furnace. The synthesized MoS2 was triangular with sharp, star-

shaped edges but of lower crystalline quality, as evident by less-intense Raman and PL emission. 

In this chapter, a refined and improved method of growing single layer MoS2 is described. High 

quality MoS2 was grown using MoO3 and S powders on an untreated substrate, and featured 

distinctive triangular edges with edge lengths up to 100 µm.    

2.2 Methods 

 The reaction occurred in a horizontal tube furnace (Lindberg Blue M) in a 1-inch 

diameter quartz tube (Fig. 2.1).  0.2 g of MoO3 was placed inside a 5-mL alumina boat in the 

center of the furnace, two cm upstream of the built-in thermocouple.  Several pieces of untreated 

300 nm SiO2/Si were place on top of the boat containing MoO3, with their polished side facing 

the powder.  The pieces were approximately 2 cm x 2 cm. At the upstream end of the tube 

furnace, 0.5 g of S powder was placed in a 5-mL alumina boat, which was slightly outside of the 

heading zone by approximately 5 cm. The downstream end of the tube was attached to a quick 

(KF) connection, which was attached to ¼ inch inner diameter, 5-foot long plastic PTFE that led 
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directly to an exhaust bank.  Before the reaction, the furnace was purged with argon (Ar) for one 

hour at 100 standard cubic centimeters per minute (sccm). The furnace was then activated and 

heated to 750 °C at a ramp rate of 50 °C/min. When the furnace reached 725 °C, the quartz tube 

was manually moved 5 cm downstream. The tube was shifted such that the S powder entered at 

an area in the furnace where the temperature was maintained at ~100 °C, as to be sufficiently 

vaporized over the course of the reaction. After 10 minutes, the S powder was completely 

vaporized and the cold downstream end of the tube became thoroughly coated in solid sulfur.  

After 10 minutes, the furnace was deactivated and cooled slowly to room temperature.  When the 

furnace reached room temperature, the quartz tube was opened and the nanosheets were 

characterized.   

 

 

 

 

 

 

Figure 2.1. MoO3 powder and elemental S powders were used as the solid source. MoO3 was 
placed inside a 5-ml alumina boat at the center of the furnace. The 300 nm SiO2/Si substrates 
were placed polished side down on the MoO3 boat. S powder was placed in an alumina boat 
upstream in the quartz tube, and was shifted into the heating zone at the reaction temperature.  

2.3 Results and Discussion 

After the reaction, the polished side of the furnace had a bluish shade, which covered 

areas up to several hundred microns. Upon closer inspection using optical microscopy (OM), 10x 

magnification revealed the blue film was nearly dispersed uniformly across the edges of the 

substrate (Fig. 2.2 a). Higher magnifications of 50x and 100x (Fig. 2.2 b, c) revealed the blue 
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film essentially comprises of randomly orientated triangular crystals. The triangular MoS2 

nanosheets grew indiscriminately and with no particular alignment on the substrate, indicating 

the growth was non-epitaxial (Fig 2.2 c, d). Clusters of MoS2 nanosheets nucleated and grew into 

triangular domains, which merged together to form small-area films (Fig 2.2 e). The films were 

uniform in contrast and composition, indicating a homogeneity and monodispersity within the 

size and shape of the nanosheets. The MoS2 nanosheets are stable in air up to several weeks, as 

no obvious degradation was observed. An optical contrast exists between thick and thin MoS2 

crystals, which distinguish the number of layers. At 100x magnification, thick MoS2 appears 

darker blue or yellow while monolayer and bilayers appear purple and dark purple, respectively 

(Fig. 2.2 f).   

Figure 2.2. (a) 10x magnification optical micrograph of MoS2 single layer domains covering the 
substrate. Scale bar is 200 µm. (b) 50x enhances optical micrograph of (a). Scale bar is 100 µm. 
(c) 100 x magnification optical micrograph of (b).  The triangular MoS2 nanosheets are all 
uniform in composition and shape.  Some nanosheets merge to form films lesser area films.  
Scale bar is 50 µm. (d) MoS2 triangular domains clustered on the substrate.  Some of the 
domains merged together to form films. (e) Large area MoS2 monolayer. (f) Film showing a 
MoS2 underlying film with clusters of bilayer (darker purple) and thick multilayer (blue and 
yellow) crystals.  Scale bars for (d-f) are 25 µm.  

d e f 
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 Using MoO3 and S precursors to synthesize MoS2 fullerenes has been previously 

described and can be used to describe the reaction to grow of the MoS2 nanosheets.6 

 

7 S + 2 MoO3 à 2 MoS2 + 3 SO2 

 

The chemical reaction may be an over simplification of the actual reaction process. Even 

in the absence of a reducing agent (H2 or S), MoO3 decomposes to MoO2 when heated, similar to 

other reports.7 The rhomboidal MoO2 byproducts sheets are also flat and atomically thin, and are 

primarily located at the center of the growth substrate, directly under the MoO3 powder (Fig. 

2.3). By comparison, the MoS2 nanosheets are located towards the edges of the substrate and at 

the interface where the substrate meets the boat.  The MoO2 byproducts and the MoS2 nanosheets 

are segregated, as no MoS2 crystals were observed to grow on the MoO2.  

 

 

 

 

 

 

 

Figure 2.3.  MoO2 crystal (orange rhomboidal crystal) byproduct from the chemical reaction 
to synthesize MoS2. The MoS2 is located near the MoO2 but doesn’t grow on the MoO2 itself 
(smaller triangular crystals).  Scale bar is 10 µm.  
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Scanning electron microscopy (SEM) demonstrates that the triangular MoS2 crystals are 

distinguishable from the growth substrate.  The MoS2 nanosheets are uniform, with no obvious 

holes or defects on the surface (Fig. 2.4 a). There is a varying, irregular shaded region within the 

MoS2 film located at the center of the crystal that represents bilayer MoS2 (Fig. 2.4 b). It is 

possible the center/nucleation region has more defects or protrusions, and is therefore more 

susceptible to additional layer nucleation and growth.  Atomic force microscopy (AFM) was 

used to verify the thickness and 

uniformity of the MoS2 nanosheet 

(Fig. 2.4 c).  An AFM scan of the 

MoS2 nanosheet shows the height 

difference between the substrate 

and the crystal edge to be ~ 0.65 

nm, which corresponds to the 

interlayer spacing of MoS2 (Fig. 2.4 

d).  There are some protrusions 

across the nanosheet, indicating the 

film is not atomically flat. The 

lumps could be due to defects or 

grains across the nanosheet, at 

which excess precursors 

congregates and grow into small 3-

D structures.  

Figure 2.4 (a) Scanning electron micrograph (SEM) of 
MoS2 monolayer crystals on the growth substrate.  Some 
nanosheets have merged together forming small films. 
Scale bar is 10 µm. (b) SEM image showing a single 
layer with bilayer (darker contrast) triangles and 
irregular shapes.  The longer, river like bilayers likely 
follow grains formed when the monolayers merged 
together. Scale bar is 5 µm. (c) Atomic force micrograph 
of a monolayer MoS2 crystal. Scale bar is 1 µm. (d) 
Height scan of (c) at the blue line showing the crystal is 
monolayer with a thickness of ~ 0.65 nm. 
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Raman spectroscopy can be utilized to both verify the crystal structure and probe the 

size-dependent vibrational properties.  Raman spectrum measurements were taken using a 

Horiba spectrometer with a continuous 514 nm, 50-µW laser.  The Raman spectrum was taken 

on both a thick and thin MoS2 crystal (Fig. 2.5). For MoS2, there are two notable Raman shifts 

that identify the crystal; the out-of-plane A1g and the in-plane E2g.  The Raman spectra for the 

thick (bulk) MoS2 crystal shows the A1g and E2g peaks located at 407.3 cm-1 and 381.0 cm-1 

respectively, which closely matches values reported in literature.9 On the other hand, single layer 

MoS2 has Raman values which shift from the bulk counterpart.  The peaks for A1g and E2g are 

located at 403.3 cm-1 and 383.0 cm-1, respectively.  These changes are in agreement with other 

reports on monolayer MoS2.9   

 

 

 

 

 

 

 

 

Figure 2.5.  Raman spectrum of single-layer (blue line) and bulk (red line) MoS2 nanosheets. 
The Monolayer MoS2 has E2g and A1g modes at 383.0 cm-1 and 403.3 cm-1 respectively. Bulk 
MoS2 has E2g and A1g modes at 407.3 cm-1 and 381.0 cm-1 respectively.  
 

 Photoluminescence (PL) emission measurement was used to investigate the direct band 

gap of monolayer MoS2.  PL was measured using a Horiba spectrometer with a 514 nm, 50-µW 

continuous laser for one second (Fig. 2.6).  When monolayer MoS2 (blue line) was excited with 
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the laser, intense emission was observed at 670 nm (1.85 eV), identifying the optical direct band 

gap. The thicker bulk MoS2 (red line) had a significantly relaxed emission compared to the 

monolayer region, but a small bump was observed, which peaked at 670 nm. The emission was 

50x less intense than the monolayer.  The intensity of the laser was enough to excite enough 

some electrons at the direct band gap region (ΚèΚ) of the electronic structure, but at a 

significantly lower yield than the monolayer.  

 

 

 

 

 

 

 

Figure 2.6. Photoluminescence spectra of mono and bilayer MoS2. Monolayer MoS2 (blue line) 
has intense emission at 670 nm, matching the optical band gap.  Thicker, bulk MoS2 (red line) 
has 50x less intense emission, but has a small bump at 670 nm, indicating with enough laser 
power, some direct band gap emission (ΚèΚ) is observed. 
 
2.4 Conclusion 

MoS2 single and few-layer triangular nanosheets were grown directly onto 300 nm 

SiO2/Si substrates.  The MoS2 nanosheets were optically distinguishable and had edge lengths up 

to 100 µm.  Atomic force microscopy confirmed the thickness of a single layer was ~ 0.65 nm.  

Raman spectroscopy established that MoS2 vibrational modes shift from the A1g 407.3 cm-1 and 

E2g 381.0 cm-1 in bulk, to A1g 403.3 cm-1 and E2g 383.0 cm-1 as a single layer.  

Photoluminescence emission of MoS2 single layers had an intense peak at 670 nm, 
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corresponding to the 1.9 eV optical direct band gap. Thicker MoS2 has had significantly reduced 

emission since the primary electronic pathway is a lower energy indirect band gap.   
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Chapter 3. The synthesis of WS2 

3.1 WS2 synthesis 

WS2 is closely related both physically and structurally and to MoS2, with W atoms 

replacing the Mo atoms.1 WS2 can be isolated into atomically thin nanosheets, that have an 

indirect-to-direct band gap transition (1.4 eV to 2.1 eV) as the material is thinned to a single 

layer.2 Similarly to MoS2, WS2 is an attractive material for optoelectronic devices such as 

photodetectors and field effect transistors.2,7 When we started researching WS2 synthesis, WS2 

monolayer synthesis and growth was unreported in literature. We developed a chemical vapor 

deposition (CVD) approach using WO3 and S powders to synthesize and grow WS2 nanosheets. 

The WS2 nanosheets were ~ 1 nm thick based on atomic force microscopy height scans. The 

Raman response showed a clear shift in peak position in monolayer and bulk WS2 crystals. 

Additionally, WS2 and had intense photoluminescence emission at 640 nm (1.94 eV), 

corresponding to the direct band gap.  

3.2 Methods 

The reaction occurred in a 12-inch horizontal tube furnace (Lindberg Blue M) in a 1-inch 

diameter quartz tube (Fig. 3.1).  0.02g of WO3 powder (Sigma Aldrich, 99.5% purity) was 

sprinkled on top of three ~ 2 × 2 cm 300 nm SiO2/Si wafers placed at the center of the furnace.  

0.2g of S powder (Sigma Aldrich, 99.5%) was placed in a 5 mL alumina boat upstream to the 

edge of the furnace, outside of the heating zone. The tube was evacuated and purged several 

times in 100 standard cubic centimeters per minute (sccm) of Ar carrier gas for one hour.  For 

the reaction, the flow was reduced to 50 sccm Ar. The furnace was heated 50 °C/min to the 

growth temperature of 850 °C under atmospheric pressure. When the furnace reached 825 °C, 

the tube was physically moved so the S was located heated edge of the furnace in order to 
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sufficiently vaporize over the course of the reaction. The furnace was kept at 850 °C for ten to 

twenty minutes, after which it was cooled down to room temperature.   

 

 

 

 

 

 

Figure 3.1. WO3 powder and elemental S powders were used as the solid source. WO3 powder 
was sprinkled over the substrates in the hot center zone of the furnace. The S vapor was 
sequentially introduced into the CVD reaction by shifting quartz tube rightward to move the S 
source into the furnace without breaking vacuum.   
 
3.3 Results and Discussion  

The WS2 nanosheets grew into distinguishable single and few-layer domains clustered 

randomly on the substrate, as shown by optical microscopy (OM) (Fig. 3.2a).  The WS2 

nanosheets consisted primarily of triangular single-crystal domains with edge lengths typically 

between 5 µm and 30 µm (Fig. 3.2b), comparable to MoS2.  There were fewer nanosheets on the 

substrate 

compared to 

MoS2 synthesis, 

which can be 

attributed to the 

lower volatility 

of WO3 

	
  

a b 

Figure 3.2 (a) Single and few-layer WS2 domains clustered on a 300 nm 
SiO2/Si substrate at 10x magnification.  Scale bar is 100 µm. (b) Enhanced 
image of several WS2 monolayers at 100x magnification.   
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compared to MoO3.  The driving force behind the triangular growth is based on the WS2 trigonal 

prismatic crystal structure, with the thermodynamically favorable S terminated edges.1 The 

single-domain crystal grew into the triangular crystal by repeating its unit cell.  

Atomic force microscopy (AFM) was used to characterize a WS2 domain (Fig. 3.3 a). 

The AFM image reveals the WS2 crystal to is a triangular monolayer with a triangular edge 

length of ~6 µm. The AFM image revels an atomically smooth basal plane of the nanosheet, with 

no significant dips or abrasions protruding from the basal plane. The height profile of a WS2 

nanosheet grown directly on the substrate has a thickness of ~1 nm, closely matching the 

interlayer spacing of WS2 and previously reported WS2 monolayer exfoliations (Fig. 3.3 b).1,2  

 

 

 

 

 

 

Figure 3.3 (a) Atomic force micrograph of a WS2 crystal.  The line scan (black line across the 
crystal) is across a monolayer region, but bilayer and trilayer WS2 planes are present.  The scale 
bar is 2 µm. (b) Line scan from (a) showing the thickness of the WS2 monolayer is 1 nm.  
 

Raman spectroscopy is a valuable method to probe the acoustic vibrations and crystal 

signature of single and few-layer WS2. The Raman spectrum of single and few-layer WS2 

crystals were measured using a Horiba spectrometer with a continuous 514 nm, 50 µW laser 

(Fig. 3.4).  WS2 has two prominent and identifying modes; the out-of-plane A1g and the in-plane 

E2g.8 The A1g vibrational mode occurs when the two S atoms oscillate out of the plane of the 

WS2 layer with the W atom remaining stagnant. The reported bulk A1g peak is located at 421 cm-

a b 
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1.8 The E2g vibrational mode occurs 

when the S and W atoms oscillate 

within the plane of the WS2 layer.  

The reported bulk E2g peak is located 

at 350 cm-1.8 When WS2 is thinned to 

a single-layer, the vibrational modes 

shift.  The A1g mode relaxes to 417 

cm-1 as a monolayer nanosheet.13 The 

E2g stiffens to 352 cm-1 as a 

monolayer.   

 
WS2 monolayer and multilayer 

photoluminescence (PL) emission was 

measured using a Horiba Raman 

spectrometer with a 514 nm, 50 µW 

continuous laser, activated for 1 s (Fig. 

3.5).   The PL emission for 

multilayered WS2 showed no 

noticeable peak across the visible 

spectrum.  However, PL emission for 

monolayer WS2 had strong emission 

centered at 640 nm (1.94 eV). The 

emission peak is broad with a full width half maximum value of 28 nm (0.07 eV).  The fact that 

emission is only observed when WS2 is thinned to a monolayer is significant because only two-

Figure 3.4 Raman spectrum of WS2 monolayer (blue 
line) and bulk (red line) A1g and E2g modes. The WS2 
monolayer A1g is 417 cm-1 and E2g is 352 cm-1.  The 
bulk WS2 421 A1g is cm-1 and E2g is 350 cm-1.	
  

Figure 3.5 Photoluminescence emission spectrum of 
monolayer (blue line) and bulk (red line) WS2 
domains.  Monolayer photoluminescence emission 
peak is centered at 640 nm (1.94 eV).  
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dimensional WS2 has a direct band gap.2 The emission of bilayer and multilayer WS2 remains in 

the lower-energy indirect band gap counterpart.   

3.4 Conclusion 

In summary, monolayer, bilayer and few layer WS2 has been synthesized by CVD by 

vaporizing WO3 and S powders in a tube furnace.  The crystals were first observed by optical 

microscopy and the thickness-dependent optical contrast was identified. The atomic levelness of 

the WS2 crystal planes and their 1 nm layer thickness was confirmed by atomic force 

microscopy.  Raman spectroscopy verified the crystal structure, and also showed a thickness-

dependent phonon shift of the out-of-plane A1g and in-plane E2g vibrational modes The shift 

occurred from 421 cm-1 to 417 cm-1 for the A1g mode, and 350 cm-1 to 352 cm-1 for the E2g mode. 

Photoluminescence emission discovered the 640 nm direct band gap emission of monolayer 

WS2.  Thicker WS2 had no observable emission in the visible spectrum, confirming 

photoluminescence emission only occurs on monolayer WS2 crystals.  
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Chapter 4. The synthesis of MoSe2 

4.1 Introduction 

MoSe2 is another member of the transition metal dichalcogenide family similar to MoS2, 

except with Se replacing the S atoms.  Like other transition metal dichalcogenides, MoSe2 is 

attractive in numerous industrial and academic research fields such as catalysis, energy storage, 

dry lubrication, microelectronics and optoelectronics.1-7 Recently, significant research has 

focused on the isolation of 2D TMDs due to their unique transformation from an indirect to a 

direct band gap when confined to a single layer.8-10 In regards to MoSe2, 3-D MoSe2 has an 

indirect band gap of 1.1 eV, while 2D MoSe2 has a direct band gap of 1.5 eV.32,33 These 

atomically thin nanosheets are of particular interest for new types of electronic/optoelectronic 

devices and chemical sensors.11-18 

While there have been numerous reports on synthesis of single and few-layer nanosheets 

of the sulfide family of dichalcogenides (MoS2 and WS2),19-24 the synthesis and characterization 

of the selenide family (MoSe2 and WSe2) remains largely unexplored.25 Several bottom-up 

syntheses of thin films and clusters of MoSe2 have been reported,26-31 yet most studies of single 

layers are based on top-down, mechanically-exfoliated monolayers using Scotch tape.32,33 

Combining these nanosheets into heterostructures of TMDs have been explored theoretically, 

and can lead to intriguing structures designed with specifically engineered properties.34  For 

MoSe2 to be implemented in electronic devices and hetero-integrated nanostructures, 

controllable synthesis of large-area, single- and few-layered crystals is a necessity. 

To this end, chemical vapor deposition (CVD) represents an attractive approach for the 

growth of MoSe2 nanosheets on a supporting substrate, exploiting the anisotropic bonding 

characteristics of layered materials used to synthesize a number of other 2D materials including 
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MoS2 and WS2.19-24,35,36,42   Here we report the first synthesis of MoSe2 monolayers using a CVD 

approach by using solid Se and MoO3 powders in a reducing atmosphere under ambient 

pressures, depositing directly on untreated 300 nm SiO2/Si substrates (Fig. 4.1).  

4.2 Methods 

The reaction took place in a 12-inch horizontal tube furnace (Lindberg Blue M) in a 1-

inch diameter quartz tube (Fig. 4.1).  0.25g of MoO3 powder (Sigma Aldrich, 99.5% purity) was 

placed in a 5 mL alumina boat at the center of the furnace with ~ 2 × 2 cm 300nm SiO2/Si wafers 

placed polished side down on top of the boat. There were ideally 3-4 pieces of SiO2/Si placed on 

the boat at the center of the furnace.  0.5g of Se powder (Sigma Aldrich, 99.5%) was placed in a 

5 mL alumina boat upstream to the edge of the furnace.  The tube was evacuated and purged 

several times in 100 sccm Ar and 100 sccm H2 gas for one hour, after which it was brought to 

ambient pressure.  The flow was reduced to 65 sccm Ar and 5 sccm H2 for one hour.  After one 

hour, the furnace was heated 25 °C/min to the growth temperature of 750 °C.  When the furnace 

reached 700 °C, the tube was manually moved so the Se was at the heated edge of the furnace, 

just above 300 °C so the Se was adequately heated and vaporized over the course of the reaction. 

The furnace was kept at 750 °C for ten to fifteen minutes, after which it was cooled down to 

room temperature.  We found highly crystalline MoSe2 triangular domains were deposited on the 

substrates and had edge lengths up to ~30 µm. 
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4.3 Results and Discussion 

It is important to emphasize the role that H2 plays within the reaction. Without the 

addition of H2, MoSe2 nanosheets were not observed on the SiO2/Si substrate. A trace amount of 

H2 (5 sccm) is sufficient for MoSe2 crystals to nucleate and grow into extended 2D structures. A 

recent report on the synthesis of WS2 and WSe2 demonstrates the role that H2 has in the 

formation of highly crystalline 2D nanosheets.41,42 We propose that the H2 reduces the MoO3 to 

MoO3-x, which is further reduced by the vaporous Se in a mechanism similar to that of H2 with S 

to synthesize MoS2 fullerenes.44 The reaction product MoSe2 would then transition from vapor to 

solid and grow on the substrate. According to this mechanism, the overall reaction is we propose: 

MoO3 + H2 + 3 Se à MoSe2 + SeO2 + H2O 

 

The as grown MoSe2 nanosheets and domains were first observed using optical 

microscopy (OM) (Fig. 4.2 a, c, d), with a thickness dependent contrast that can distinguish 

between single- and multi-layers on 300 nm SiO2/Si (Fig. 4.2 c, d). MoSe2 nanosheets were 

found to have nucleated randomly on the substrate with no specific orientation, and with 

domains up to several tens of micrometers. Under proper conditions, the domains can merge 

Figure 4.1 Schematic illustrating the basic design of the CVD chamber and furnace.  A 1-inch 
diameter tube displays the relative locations of the solid Se and MoO3 powders and the 300 nm 
SiO2/Si substrate.  The red circles represent heating filaments of the furnace.	
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together to form continuous thin films up to several hundred microns across (data not shown). 

Single layers are the most frequently observed (Fig. 4.2 c), but bilayer, trilayer and thicker 

crystals are seen as well. A scanning electron micrograph (SEM) presents a cluster of monolayer 

MoSe2 nanosheets (Fig. 4.2 b). Atomic force microscopy (AFM) was used to characterize the 

MoSe2 nanosheet thickness (Fig. 4.2 e, f). The height of the MoSe2 monolayer on the SiO2/Si 

substrate was typically measured between 0.70–1.0 nm, comparable with previous reports of 

exfoliated MoSe2.32,37 The second layer height in bilayers is consistently found to be between 

0.60-0.70 nm, which is in agreement with the step height difference of 0.65 nm between 

monolayer and bilayer MoSe2.40 

 

 

 

 

 

 

 

 

 

Figure 4.2 (a) Optical micrograph (OM) and (b) Scanning electron micrograph (SEM) of a 
cluster of MoSe2 triangular nanosheet domains. (c) OM of a triangular monolayer with an edge 
length of 50 µm. (d) Three monolayer/bilayer crystals with antiparallel triangular bilayers. (e) 
AFM height profile of monolayer/bilayer domains and (f) corresponding line scan. 
 

Triangular monolayers were always observed on the substrate, which is consistent with 

previous reports.19-24,41,42 This triangular crystal shape is dictated by the thermodynamically 

favorable edge termination of either Mo or Se atoms and the three-fold symmetry of the half unit 

d e f 

a b c 
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cell of single layer dichalcogenides, compared to the six-fold symmetry of bulk MoSe2.43,45 

Bilayer triangles begin to grow from the same nucleation site at the center of the triangle, but in 

an antiparallel orientation due to inverted stacking order of AA’.46 This here-so-called 

monolayer/bilayer “triforce” structures (Fig. 4.2 d) are predominantly observed, with subsequent 

layers alternating triangle direction; however, some parallel bilayer triangles are also seen, which 

may indicated a less favorable AB stacking order. 

 The crystal structure of mono-, bi-, and 

multi-layers was analyzed using high-

resolution transmission electron microscopy 

(HRTEM) (Fig. 4.3 a-d). Figures 4.3a-c show 

the interface between the mono/bilayer at 

increasing magnification. The selected area 

electron diffraction (SAED) confirms the 

hexagonal MoSe2 structure, which is consistent 

with the high-resolution image (Fig. 4.3 d). The 

lattice spacing of the { } and { } planes 

are ~0.28 and ~0.16 nm, in agreement with the 

reported values for MoSe2.40 	
  

Raman spectroscopy was carried out on 

a region containing 1 to 5 layers and thicker 

(bulk) domains (Fig. 4.4 b). The most prominent and identifiable peak is the out-of-plane A1g 

mode located at 243.7 cm-1 for bulk MoSe2, in agreement with literature.34,33,37,38 We notice a 

softening of the A1g mode from 243.7 cm-1 for bulk MoSe2 to 241.2 cm-1 for single layer MoSe2 

1010 1120

a b 

Figure 4.3 (a) Low magnification 
transmission electron micrograph (TEM) of 
MoSe2 mono/bilayer (scale bar 2 µm). (b) 
Magnified view of the mono/bilayer 
interface (scale bar 200 nm). (c) TEM 
image of the marked surface of (b). (d) 
High resolution TEM image of multilayer 
MoSe2 nanosheet with its corresponding 
selected area electron diffraction pattern 
(inset). 
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when thickness is reduced, consistent with previous reports.32,37,38 The monolayer MoSe2 has a 

softening of the A1g mode due to a decreasing interplanar restoring force.  As expected, the 

interplanar restoring force is much stronger for thicker MoSe2 samples from additional layers.47 

Thus, the MoSe2 Raman mode blueshifts as the thickness increases (Fig. 4.4 a, d). The peak 

intensity is strongest for bilayer, and drops sharply for each additional layer (Fig. 4.4 a, c). The 

thickness dependent intensity could be due to optical enhancement, which was suggested in a 

previous report on MoS2.47 The dual peaks at layer numbers 3 – 5 (Fig. 4.4 a) is the effect of 

Davydov splitting, which results from the increasing number of MoSe2 species per unit cell of 

the A1g mode.37 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 (a) Raman spectra of MoSe2 with varying number of layers; the bulk spectrum is 
displayed 10x. (b) Corresponding optical micrograph for Raman mapping in (c, d), the scale-bar 
is 6 µm. (c) Raman map of overall intensity of the spectrum. (d) Raman map of the A1g mode 
displaying a thickness-dependent mode shift. 
 

The photoluminescence (PL) spectroscopy is arguably one of the most direct methods for 

assessing the band gap of monolayer TMDs.39 It is well known that bulk MoSe2 has an indirect 
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band gap of 1.1 eV.8-10 However, recent theoretical and experimental studies have shown that 

monolayers should exhibit a direct band gap of 1.55 eV.10,32,37,38 Our PL studies on monolayer 

MoSe2 show a prominent emission peak at 800 +/- 5 nm, confirming the direct band gap of 

monolayer MoSe2 at 1.55 +/- 0.01 eV (blue line in Fig. 4.5a). The PL intensity for the bilayer 

region is significantly reduced, by a factor of 35 (red line in Fig. 4.5a), compared to its 

monolayer counterpart.  In addition, the florescence is red-shifted to 825 +/- 5 nm (1.50 +/- 0.01 

eV).  There is no noticeable peak for the trilayer PL (green line in Fig. 4.5a), as with increasing 

layer numbers the MoSe2 transitions from a direct to an indirect band gap. PL mapping provides 

visual evidence the monolayer region exhibits much stronger emission compared with the bilayer 

region (Fig. 4.5 b, c). 10,32,37,38 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 (a) Photoluminescence (PL) spectrum of one, two and three layers of MoSe2 using 
514 nm continuous laser with a 100x objective lens. (b) Optical micrograph of a MoSe2 
mono/bilayer crystal on a 300 nm SiO2/Si substrate. (c) PL intensity map of (b).  
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4.4 Conclusion 

We have synthesized large area MoSe2 nanosheets using MoO3 and Se powder precursors 

in a mixture of Ar and H2 gases in a horizontal tube furnace. H2 is a critical component of the 

reaction by enhancing the reduction of MoO3 with Se to form MoSe2. This first report of 

monolayer synthesis of MoSe2 using CVD enables the growth directly on SiO2/Si substrates. The 

triangular single-crystals are characterized by TEM and SAED.  Thickness was determined using 

AFM and OM and then analyzed using Raman and PL spectroscopy, with characteristic peak 

shifts and a clear and indirect–direct band gap transition. This new synthesis of MoSe2 expands 

our understanding in the growth of this and other 2D crystals and will enable researchers to 

further explore and engineer them into novel functional materials. 
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Chapter 5. Alternate synthesis method to yield WSe2 monolayer domains and films 

5.1 Introduction 

Graphene has attracted considerable interest for applications in diverse electronic and 

optoelectronic devices.1-12 Despite the superior electronic properties of graphene, the gapless 

band structure limits the practical progress of graphene for digital electronic devices.2,4 Recently, 

the energy band structures of the emerging transition metal dichalcogendes show the surprising 

indirect-to-direct band gap transition as their atomic layer number lowering to one.13-18 For 

example, bulk WSe2 is a p-type semiconductor with an indirect band gap of 1.2 eV, whereas its 

monolayer exhibits a direct band gap of 1.6 eV due to quantum confinement.16,19 The direct band 

gap of atomically thin transition metal dichalcogendes benefits their applications on both digital 

electronic and optoelectronic devices.20-24 A high performance p-type field-effect transistor 

(FET) fabricated on exfoliated single layered WSe2 was demonstrated, making it a promising 

material for building atomically thin electronic and optoelectronic devices.25 However, a large-

area WSe2 monolayer film is still a challenge for these promising applications, and the size of the 

monolayer obtained from mechanical exfoliation method is limited in a few to a few tens of 

micrometers.   

In this chapter, an alternative synthetic strategy is reported for the preparation of single 

crystal WSe2 single-layers directly on 300 nm SiO2/Si substrates by chemical vapor deposition. 

This technique can produce large area samples using a growth process applying several growth 

parameters. The areal size of the as-grown monolayer WSe2 film is as large as 1 cm2 with optical 

and electronic properties comparable to exfoliated samples. Both transmission electron 

microscopy (TEM) and photoluminescence (PL) are performed on the same single crystal WSe2 

single-layer crystal, allowing us to directly correlate structural and optical properties with 
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resolution down to the atomic level. Additionally, the successful preparation of WSe2 crystals 

provides an ideal platform for fabricating atomically thin p-type electronic devices.  

5.2 Methods 

To synthesize monolayer WSe2, 0.2 g WSe2 powder (Alfa Aesar) was added into an 

alumina boat and placed at the center of the furnace (Fig. 5.1). The blank 300 nm SiO2/Si 

substrates (1 cm x 5 cm) loaded into a home-built vapor deposition system in a horizontal tube 

furnace (Lindberg/Blue M) with 1-inch quartz tube.  The system was pumped down to a vacuum 

of 10 mTorr in 10 min, and re-filled with 150 sccm of ultra-high purity argon gas (Airgas, ~ 

99.9999%) then heated to desired growth temperature within 30 min. Next, the growth kept at 

the designed temperature for 30 min, and then terminated by shutoff the power of the furnace. 

The sample was naturally cooled down to ambient temperature. 

 

 

 

Figure 5.1. Schematic illustration of the CVD growth equipment and temperature growth recipe.  
The WSe2 powders are placed in an alumina boat at the center of the quartz tube.  The SiO2/Si 
substrates are placed in downstream region of the tube furnace.  Ar is continuously supplied 
through the reactor. 
 
5.3 Results and Discussion 

Single and few-layer WSe2 grew in triangular single layers, similarly to previous TMD 

nanosheet growth (Fig. 5.2b). The lower growth temperature typically results in a higher density 

of thermally induced nucleation, and a higher flow rate of the carrier gas introduces the similar 

effect due to the consequently higher supersaturation of the precursors. On the other hand, the 

higher growth temperature and flow rate stimulates the nucleation of the extra molecular layers. 

At lower growth temperature of 1060 °C with low flow rate of 100 sccm, there is no WSe2 
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islands observed on the SiO2/Si substrates using optical microscope (OM). By increasing the 

growth temperature to 1065 °C, the monolayer WSe2 domains (~ 10 µm of average edge size) are 

observed with nucleation density of ~ 1060/mm2 (Fig. 5.2b). When the growth temperature is 

1070 °C, the bilayer WSe2 domains (~ 20 µm of average edge size) are observed with the lower 

domain density of ~ 350/mm2.  The thicker flakes (~ 50 µm of average edge size) appear as the 

growth temperature increased to 1075 °C with even lower domain density of ~ 280/mm2 (Fig. 

5.2e). Overall, higher growth temperature yields a lower density of thicker WSe2 nanosheets with 

a larger domain size. By increasing the flow rate of the carrier gas, both the thickness and the 

domain density of the WSe2 are increased. For instance, at growth temperature of 1065 °C, 

nucleation density of ~ 1060/mm2 is observed under 100 sccm flow rate of carrier gas. That is 

increased to ~ 11000/ mm2 under 150 sccm, and ~ 23000/ mm2 under 200 sccm, which is clearly 

support our conclusion. 

Figure 5.2 contains OM 

images, which 

summarize all the 

growth conditions with 

alternating temperature 

and flow rate.  All of 

our observations are 

consistent with the 

nucleation model of 

the vapor phase 

deposition developed 

Figure 5.2. Reactor conditions depicting WSe2 growth with varying 
temperature and flow-rates.  Optical microscope images of WSe2 
samples grown at different temperature under designed flow rate for 
20 min (a) 1060 °C, 100 sccm; (b) 1065 °C, 100 sccm; (c) 1070 °C, 
100 sccm; (d) 1075 °C, 100 sccm; (e) 1060 °C, 150 sccm; (f) 1065 
°C, 150 sccm; (g) 1070 °C, 150 sccm; (h) 1075 °C, 150 sccm; (i) 
1060 °C, 200 sccm; (j) 1065 °C, 200 sccm; (k) 1070 °C, 200 sccm.  
All the scale bars are 20 µm.    
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by W. K. Burton and N. Cabrera, where they predict that the nucleation probability is 

proportional to supersaturation and 1/T formation.26 

An OM image of the triangular shaped WSe2 monolayer domain grown at 1065 °C (Fig. 

5.3a). The PL emission spectrum from monolayer WSe2 shows peak at ~ 766 nm (Fig. 5.3c), 

which is consistent with the previous reports on exfoliated WSe2 monolayers.14,15 Uniform and 

strong emission intensity is observed in the PL mapping images (Figure 5.3b), indicating that the 

WSe2 exhibits a high crystal quality and uniformity.  The average edge length of a triangular 

WSe2 single-layer crystal after 20 minutes growth is shown to be 5 µm by OM (Fig. 5.3d). With 

longer growth time (30 min), the monolayer domains starts to merge together, with bilayer and 

few-layer domains occasionally appeared on their first layer (Fig. 5.3e). After 40 min growth, the 

WSe2 monolayer domains are coalesced, and additional crystal layers can be distinguished due to 

optical contrast (Fig. 5.3f). OM can be used to distinguish the WSe2 thickness on a large scale. 

The corresponding atomic force microscopy (AFM) (Fig. 5.3g) shows the thickness of the 

second layer is ~ 0.7 nm, which is in agreement with the reported value for mechanically 

exfoliated WSe2 layers.14,15 The lateral size of the as-grown monolayer WSe2 film is as large as 1 

cm2 (Fig. 5.3h), and the transferred WSe2 film on the glass is shown to be transparent (Fig. 5.3i). 
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Raman spectroscopy, PL, and AFM are employed to study the monolayer/bilayer WSe2 

domains. The monolayer WSe2 domain is triangular, with the bilayer region crystalizing from the 

center of their first layer (Fig. 5.4a). The corresponding Raman map can be further used to 

distinguish the number of layers of the WSe2 domains (Fig. 5.4b). The darker triangular region 

on the Raman map corresponds to the bilayer WSe2 domain. Nearly same color contrast 

throughout the monolayer and bilayer area indicates a uniform crystal quality. The Raman 

spectra of WSe2 show typical features of active A1g (~ 250 cm-1) and inactive B2g (~ 307 cm-1) 

Figure 5.3. (a) A typical optical microscope (OM) image of a single-layer WSe2 nanosheet on 
a 300 nm SiO2/Si substrate.  (b) Photoluminescence (PL) map (766 nm) of the single-layer 
WSe2 sample shown in (a). (c) PL spectrum taken from (a). (d) OM image of single-layer 
WSe2 nanosheets taken after 20 minutes of growth, (e) after 30 minutes of growth and (f) after 
40 minutes of growth. (g) Atomic force microscopy image taken on the same region as shown 
in (f). (h) Photograph of the ~1 cm2 size single-later WSe2 film obtained with 40 minute 
growth time. (i) Photograph of the ~1 cm2 sized single-layer WSe2 film transferred onto a 
glass slide.  All scale bars are 5 µm.  
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modes. In general, the B2g signature only is active on the bilayer area, which could reflect the 

presence of the additional interlayer interaction.14,15 In contrast, the Raman A1g mode of WSe2 is 

less sensitive to layer thickness, where the peak is located at 252 cm-1. The Raman intensity of 

A1g mode decreases with atomic layer thickness. Similarly, the peak intensity recorded by the PL 

rapidly decreases with the number of layers increasing (Fig. 5.4f). The PL peaks of the as-grown 

WSe2 monolayer and bilayer are located at approximately 766 and 788 nm, respectively, with 

full-width-half-maximum (FWHM) values of 23 and 68 meV, which is comparable to the 

published data of exfoliated WSe2.14,15 The dark region of the PL map clearly highlights the lack 

of emission in the second layer of WSe2 (Fig. 5.4c).  This result strongly indicates the high 

crystal quality of the as-grown WSe2 atomic layers. The number of WSe2 molecular layers is also 

determined by AFM measurements (Fig. 5.4d). The AFM step heights of WSe2 monolayer on the 

SiO2 substrate is typically measured between 0.7 – 1.0 nm, and the step heights of bilayer on 

monolayer amount to ~ 0.7 nm (line scan in Fig. 5.2d), which is consistent with the published 

reports of exfoliated WSe2.15   

 

 

 

 

 

 

 

 

 



	
   	
   50 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. (a) Optical microscope (OM) image of a monolayer WSe2 nanosheet with an 
optically distinguishable bilayer domain in the center. (b) Raman map (250 cm-1) of (a). (c) PL 
map (766 nm) of (a). (d) Atomic force microscopy image of a monolayer WSe2 nanosheet with a 
bilayer domain at the center of the crystal.  (e) The Raman spectra of the monolayer and bilayer 
WSe2. (f) PL spectra of monolayer and bilayer WSe2.  The scale bars are 5 µm.  
 
 

After 40 min growth at temperature of 1065 °C under 100 sccm of Ar carrier gas, the 

triangular monolayer WSe2 domains continue to grow and merge to form films. The SiO2/Si 

substrates are completely covered by the monolayer WSe2 domains with less than 5% areal 

coverage of the bilayer (Fig. 5.5a). We then further studied the completely covered monolayer 

WSe2 samples by the PL mapping and AFM (Fig. 5 b, c). PL mapping measurement can be used 

to identify the layer numbers of the WSe2 films. The PL spectra of the monolayer region show 

the identified peak at 766 nm (blue color spectrum in Fig. 5.5d), the uniform color contrast and 

strong light emission from monolayer indicates the high quality of the completely covered WSe2 

films. The darker triangular area on the OM image corresponds to the bilayer WSe2 (5.5a).  A 

typical spectrum (red color spectrum in Fig. 5.5d) of bilayer WSe2 shows a wider peak at 790 nm 

with significantly lower intensity.  Within the PL mapping region (~ 100 × 100 µm), the uniform 
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PL peak heights observed throughout the 

scanning area indicate high crystal quality and 

uniformity of the monolayer WSe2 films.  The 

dark lines in the PL map indicate the grains 

from which the WSe2 nanosheets merged 

together.  The PL mapping and corresponding 

AFM confirms the 100% large area monolayer 

WSe2 films coverage.  

 
The as-prepared WSe2 atomic layers on 

300 nm SiO2/Si substrate can be transferred 

onto arbitrary substrates by etching away the 

SiO2 layer using buffer oxide etching (BOE) 

solution. The released WSe2/PMMA films are 

seen floating on the surface of DI water that was removed from its original growth substrate (Fig. 

5.6a). The area of the WSe2 sample is relies on the size of the substrates, suggesting that the 

process is scalable. The WSe2 nanosheets can then be transferred onto arbitrary substrates for 

further characterizations and processing. Figure 5.6c shows a photo depicting the WSe2 

monolayer transferred onto a glass substrate, and Figure 5.6d shows the corresponding light 

transmittance spectra of WSe2 monolayer. General features of the absorption peaks A and B, 

which arise from the direct band gap transitions are found around 760 and 600 nm, 

respectively.27 The representative X-ray diffraction spectrum of large area WSe2 monolayer 

confirms the hexagonal crystal structure (5.6e). The diffraction peak of around 33° can be 

assigned to the SiO2/Si substrate. The spectrum of the WSe2 monolayer only contains a broad 

Figure 5.5. (a) Optical microscope (OM) 
image of fully covered WSe2 on 300 nm 
SiO2/Si substrates with the bilayer region 
highlighted.  (b) PL map of the fully 
covered WSe2 in (a). (c) AFM image of the 
fully covered monolayer WSe2 in (a). (d) PL 
spectra taken from the marked areas in (b). 
Scale bars are 10 µm.	
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(002) peak indicating that the single crystals are in perfect (00l) orientation, which indicates the 

presence of crystallites with van der Waals’ planes parallel to the substrate surface.  

 

 

 

 

 

 

 

 

 

In order to directly correlate the optical properties of the WSe2 layered crystals to its 

atomic structure, we have performed transmission electron microscopy (TEM), electron 

diffraction (ED), and PL investigations on the same WSe2 nanosheet.  The as-grown WSe2 

nanosheet was transferred onto a holy carbon-coated TEM grid (Fig. 5.7a). A PL map of the 

WSe2 nanosheet (Fig. 5.7b) shows the PL map of the same WSe2 atomically thin crystal with 

light emission from monolayer, bilayer, and few-layer. The PL peaks at 788 nm and 766 nm 

respectively match the band gap energy of bi- and monolayer WSe2 reported by exfoliated 

materials (Fig. 5.7c).14, 15 No PL peak is found on multi-layered WSe2 (>3 layers), and the 

recorded intensity of the bilayer peak is about 10 times lower than that of the monolayer peak, 

Figure 5.6. (a) Photograph of ~ 1cm2 sized monolayer WSe2 films obtained with 40 min 
growth time.  (b) WSe2/PMMA film floating on the surface of water. (c) Photograph of the 
same WSe2 film from (a, b) transferred on a glass slide. (d) Light transmission spectrum of 
monolayer WSe2 from (c). (e) X-ray diffraction spectra of monolayer WSe2 film from (a).    
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which is consistent with the expected 

evolution of a direct-to-indirect band 

gap. These PL results confirm that the 

WSe2 monolayer, bilayer and few 

layers on the same crystal domain. 

Therefore, the atomic layer numbers 

of the WSe2 is confirmed by this PL 

measurement. In order to directly 

correlate the PL spectrum of the 

WSe2 atomic layers to their lattice 

structure, PL and HRTEM are 

performed on the same WSe2 

nanosheet. Figures 5.7d to 5.7f show 

the images of the atomic structure of 

the WSe2 monolayer, bilayer, and few 

layers, respectively. The 

representative HRTEM images from 

different layers are taken on selected 

regions (Fig. 5.7a). The hexagonal 

lattice is clearly visible from each 

atomic resolution image. The 

selected-area electron diffraction 

(SAED) is used to characterize the 

Figure 5.7. (a) Optical micrograph (OM) of a WSe2 
crystal with monolayer etches and a multilayered 
domain in the center. Scale bar is 10 µm. (b) 
Corresponding photoluminescence (PL) map of the 
WSe2 sample shown in (a). (c) PL spectra of the WSe2 
nanosheet taken from areas of the monolayer, bilayer 
and multilayer from (a). (d) Bright-field high-
resolution transmission electron microscopy 
(HRTEM) image of the WSe2 sample, which is taken 
from the approximate location indicated by a blue 
arrow in (a). Scale bar is 5 nm. (e) HRTEM image 
taken from the approximate location indicated by the 
red arrow in (a).  (f) HRTEM image taken from the 
approximate location indicated by the green arrow in 
(a). Scale bar is 2 nm. (g) Selected area electron 
diffraction (SAED) pattern taken from the area of 
monolayer WSe2. (h) The SAED patterns between (
10) and (1 0) enclosed with a blue, red and green 
lines from monolayer, bilayer and few layer WSe2, 
respectively. (i) Profile plots of the diffraction peak 
intensities along the white arrows in (h).	
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crystal structure of the island. The SAED pattern of the monolayer WSe2 with the zone axis of 

[0001], the six-fold symmetry in the position of the diffraction spots demonstrates that the 

triangular monolayer is predominantly single crystal with hexagonal structures (Fig. 5.7g). It’s 

possible to identify the different atomic layer numbers using SAED. Figure 5.7h shows the four 

electron diffraction spots (2 10, 100, 010, and 1 20) of WSe2 monolayer, bilayer and few layers, 

respectively. The line profiles of the corresponding diffraction spots shown in Figure 5.7g are 

plotted in Figure 5.7h. The line profile of WSe2 few layers show approximately the same 

intensity ratio of the outer {112} peak over the inner {110} peak, which is in good agreement 

with the previously reported bulk results.28 In contrast, the average intensity ratio of the outer 

{112} peak over the inner {110} peak in the profile plots shows opposite trend for the monolayer 

and bilayer WSe2, which is similar to the monolayer and bilayer graphene.29, 30 In addition, 

similar to the Bloch wave simulations on monolayer MoS2,31 the monolayer W and Se sublattices 

reduce its hexagonal lattice from six-fold to three fold symmetry, which break the six [100] 

diffraction spots into two families (ka ={(100), (110), (010)} and kb =- ka). We also observe the 

ka spots are higher in intensity compared to kb spots, which is a consistent observation with Ref. 

25.   

5.4 Conclusion 

In summary, we have reported a method of vaporizing solid WSe2 powder to synthesize 

WSe2 monolayer, bilayer, and few-layer nanosheets. Through the characterization of atomic 

force microscopy, photoluminescence mapping, light transmission, and X-ray diffraction, we 

show that the large area transferable monolayer WSe2 thin film with lateral dimensions 

approaching ~ 1 cm2.  We performed the transmission electron microscopy and micro-

photoluminescence mapping on the same WSe2 nanosheet, observing a clear intensity revolution 
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of the SAED pattern. The ability to synthesize atomically thin materials can open up entirely new 

possibilities for the design of future van de Waals heterostructures for electronic and photonic 

devices.  
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Chapter 6. Synthesis strategy to produce MoS2-MoSe2 and WS2-WSe2 vertical and lateral 

heterostructures 

6.1 Introduction 

Inspired by the recent advancements in graphene, the layered transition metal 

dichalcogenides (TMDs) (e.g. MoS2, MoSe2, WS2 and WSe2) have attracted considerable 

attention as two-dimensional (2-D) semiconductors with unique layer-number dependent 

electronic and optical properties1-22. Exploring the full potential of these layered semiconductors 

requires precise spatial modulation of the chemical, structural and electronic properties in these 

2-D atomic crystals to create well-defined heterostructures.  Traditional semiconductor 

heterostructures have essentially defined the foundation of all modern electronic and 

optoelectronic devices, including transistors, p-n diodes, photovoltaic/photodetection devices, 

light-emitting diodes and laser diodes. Although the graphene-boron nitride (h-BN) based 2-D 

lateral heterostructures has been reported23-26, the growth of TMD lateral heterostructures is of 

considerable challenge and had not been realized until 2014, despite the increasing efforts on the 

growth of diverse TMD nanosheets27-40.  

 In this chapter, compositionally modulated MoS2-MoSe2 and WS2-WSe2 lateral and 

vertical heterostructures have been prepared by in situ modulating the vapor phase reactants 

during growth of these 2D crystals. Raman and photoluminescence mapping studies demonstrate 

the resulting heterostructure nanosheets exhibit clear structural and optical modulation. 

Transmission electron microscopy and electron diffraction studies reveal a single crystalline 

structure, and the energy dispersive x-ray elemental mapping confirms spatial modulation of 

chemical compositions in the heterostructure nanosheets.  
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It has been recently shown, both in this thesis and in the scientific community, that a wide 

range of TMD materials (e.g. MoS2, MoSe2, WS2, WSe2) can be directly grown on a silicon 

oxide substrate in the form of single or few-layered nanosheets or well-faceted triangular or 

hexagonal domains27-40. The synthetic process usually involves a thermal chemical vapor 

deposition (CVD) process, in which the vapor phase reactantants are generated by thermally 

evaporating the selected solid source material. With this approach, heterostructures can in 

principle be produced through successive growth of a second material (e.g., MoSe2, WSe2) at the 

edge of an existing domain of a first material (e.g., MoS2, WS2). With a relatively small lattice 

mismatch (~4 %) between MoS2 and MoSe2 or WS2 and WSe2, it is possible to produce coherent 

MoS2-MoSe2 and WS2-WSe2 heterostructures through a vertical and lateral epitaxial process (Fig. 

5.1a). Although conceptually simple, the growth of TMD lateral heterostructures is of 

considerable challenge. Our studies indicate simple sequential growth often failed to produce the 

desired heterostructures because: (1) the edge growth front can be easily passivized after the 

termination of the first growth and exposure to ambient conditions, and cannot function as the 

effective nucleation site for subsequent lateral epitaxial growth after transferred into a second 

growth chamber; and (2) the atomically thin TMD nanosheets are usually too delicate (e.g., far 

more volatile than graphene or BN) to withstand significant changes in growth temperature or 

conditions41 that are often necessary for the sequential growth of a second material to form the 

desired heterostructures. 
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Figure 6.1. (a) A triangular domain of WS2 (MoS2) is first grown using a chemical vapor 
deposition process. The peripheral edges of the triangular domain features unsaturated dangling 
bonds that function as the active growth front for the continued addition and incorporation of 
precursor atoms to extend the two dimensional crystal in the lateral direction. With an in situ 
switch of the chemical vapor source for WSe2 (MoSe2) during middle of the growth, lateral 
hetero-epitaxial growth can occur at the peripheral active growth front to form WS2-WSe2 
(MoS2-MoSe2) lateral heterostructures. (b) The MoO3/WO3 powder and elemental S and Se 
powders were used as the solid source. The MoO3/WO3 powder is kept in the center hot zone, 
and the S and Se vapor was sequentially introduced into the CVD reaction by shifting quartz tube 
rightward to move the S and Se source into the furnace without breaking vacuum.   
 
6.2 WS2-WSe2 lateral heterostructures 

To grow lateral heterostructures, it is therefore essential to design similar synthetic 

conditions applicable for both materials of interest and to retain a fresh, un-passivized edge 

growth front for successive lateral epitaxy. To this end, we have designed a thermal CVD 

process (Fig. 6.1b) that can allow in situ switch of the vapor phase reactants to enable lateral 

epitaxial growth of single or few-layered TMD lateral heterostructures. For example, to produce 

a WS2-WSe2 heterostructure (Fig. 6.2a), the WS2 domains are first grown in a CVD process 

using previously described methods; WO3 power is sprinkled on-top of substrates at the center of 

the heating zone, while S powder is placed in a alumina boat upstream and outside of the hot 

a 

b 
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zone. The entire CVD process occurs in a 1-inch tube furnace in an argon atmosphere (Fig. 6.1b). 

The peripheral edges of the triangular domains feature unsaturated dangling bonds that function 

as the active growth front for the continued addition and incorporation of precursor atoms to 

extend the two dimensional crystal in the lateral direction.  By following the in situ sequential 

reaction to produce WS2 and WSe2 without exposing the product to ambient conditions, the WS2 

peripheral edges remain activated and available for lateral epitaxial growth of WSe2.  

The resulting WS2-WSe2 lateral heterostructure domains mostly exhibit a well-faceted 

equilateral triangular geometry (Fig. 6.2a, b). To probe the spatial structural and optical 

modulation in WS2-WSe2 heterostructures, we have conducted Raman and photoluminescence 

(PL) studies using a confocal Raman microscope. Importantly, the Raman spectra (excited by 50 

µW 514 nm laser) taken from the center and the peripheral regions of a triangular domain clearly 

show distinct features. The Raman spectrum from the center region show two prominent peaks at 

415 cm-1 and 358 cm-1 (purple line in Fig. 6.2g), corresponding to the A1g and E1
2g resonance 

modes of WS2;42,43 while the Raman spectrum from the peripheral region show a single peak at 

255 cm-1 (yellow line in Fig. 6.2g), in agreement of the A1g resonance mode of WSe2.42,43 These 

Raman studies demonstrate the co-existence of two distinct materials within the same triangular 

domain. The Raman mapping studies can further reveal the spatial modulation within the 

triangular domain, with the central part consisting a smaller triangular domain of WS2 (Fig. 6.2h), 

and the peripheral region made of WSe2 (Fig. 6.2i). A composite Raman mapping image shows 

seamless lateral integration of WS2 and WSe2 in the heterostructure domain (Fig. 6.2j). Similarly, 

PL studies also show highly distinct PL peaks at ~638 nm for the center part and ~704 nm for the 

peripheral part (Fig. 6.2c), consistent with the near band edge emission from WS2 and WSe2, 

respectively20,42,43. The PL mapping studies (Figs. 6.2 c-f) show similar features to that of Raman 
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mapping studies, further confirming the formation of WS2-WSe2 lateral heterostructures. 

Importantly, these Raman and PL mapping studies indicate that there is no apparent overlap or 

gap between WS2 signal and WSe2 signal (within the limit of optical resolution), suggesting that 

WS2 inner triangle and WSe2 surrounding areas are laterally connected, although the sharpness 

of the lateral heterostructures can not be accurately determined based on these optical studies.  
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Figure 6.2. (a) An optical micrograph image of a WS2-WSe2 heterostructure.  (b) Schematic 
diagram the WS2-WSe2 regions in the lateral heterostructure. (c) Photoluminescence (PL) 
spectrum of (a) displaying the center and edge regions with emission corresponding to WS2 
and WSe2, respectively.   (d) PL map showing the center WS2 region at 638 nm.  (e) PL map 
showing the edge WSe2 region at 704 nm. (f) Overlap of the WS2 and WSe2 PL maps. (g) 
Raman spectrum of (a) showing the vibration modes at the center and edge, which correspond 
to WSe2 and WS2, respectively. (h) Raman spectra map showing the E2g vibrational mode of 
WS2 at 355 cm-1. (i) Raman spectra map showing the A1g vibrational mode of WSe2 at 258 
cm-1. (j) Overlap of the WS2 and WSe2 Raman maps. All scale bars are 2 µm.  
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6.3 MoS2-MoSe2 lateral heterostructures 

To assess further the generality of the lateral epitaxy strategy for other 2D 

heterostructures, MoS2-MoSe2 lateral heterostructure nanosheets have been synthesized using a 

similar strategy. The MoS2-MoSe2 lateral heterostructures were grown using MoO3, S and Se 

powder as the solid source precursors, in which the vapor phase S first reacting with the MoO3 to 

form MoS2 domains followed by the introduction of Se for successive epitaxial growth of MoSe2 

(Fig. 6.1b). It is also noted that MoS2-MoSe2 can only be obtained when S and Se vapor are 

switched in situ without exposing the MoS2 nuclei to the ambient conditions. An optical 

microscope image of a representative MoS2-MoSe2 lateral heterostructure domain show well-

faceted triangular geometry (Fig. 6.3a, inset). AFM studies show a flake thickness of 0.8 nm, 

indicating a monolayer structure (Fig. 6.3a).  

The Raman spectrum taken at the center region show characteristic resonance peaks of 

monolayer MoS2, with the out-of-plane A1g mode at 403 cm-1 and the in-plane E1
2g mode at 382 

cm-1 (Fig. 6.3b). These values are slightly red-shifted than those of other CVD grown MoS2, 

which might be attributed to slight alloy formation with Se atoms35,36. The Raman spectrum 

taken in the peripheral region show clear peaks at 235 cm-1 and 285 cm-1, corresponding to the 

out-of-plane A1g mode the in-plane E1
2g mode of MoSe2 (Fig. 6.3c). It is also noted that there is 

an additional peak at 251 cm-1 adjacent to the A1g mode of MoSe2, which corresponds slightly S 

alloyed MoSe2 and is consistent with previous reports35,36. Raman mapping at 403 cm-1 clearly 

shows MoS2 signal is localized to the center triangle (Fig. 6.3d), and the mapping at 235 cm-1 

demonstrates that MoSe2 signal is only present in the outer peripheral of the triangular 

heterostructure domain (Fig. 6.3e). PL spectra taken in the center and peripheral regions show 

characteristic emission peaks corresponding to the near band edge emission of monolayer MoS2 

g 
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(680 nm) and monolayer MoSe2 (790 nm) (Fig. 6.3c)3,4,20. The MoS2 emission is slightly red-

shifted compared to the reported PL emission from exfoliated one (653-660 nm)3,4, which may 

be attributed slight alloy formation (~10%), consistent with previous reports of MoS2-2xSe2x 

alloys35,36. PL maps of MoS2 at 680 nm (Fig. 6.3f) and MoSe2 at 790 nm (Fig. 6.3g) further 

confirm the formation of lateral heterostructure across the triangular domain.  

 The crystallinity of the MoS2-MoSe2 heterostructures was also examined using 

transmission electron microscopy (TEM) (Fig. 6.3h) and SAED. The selected area electron 

diffraction (SAED) patterns taken from either side of MoS2-MoSe2 heterostructure interface 

display a typical 6-fold symmetry with the same spatial arrangement and the same spatial 

orientation (Figs. 6.3i, j). Analysis of the SAED patterns yields lattice spacings of 2.70 Å and 

0.278 Å, corresponding to the (100) lattice planes of the MoS2 and MoSe2 crystal structures, 

respectively44. Lastly, the EDS line scans of S and Se distribution clearly show opposite 

modulation of S and Se atoms across the MoS2-MoSe2 heterostructure interface (Fig. 6.3k), with 

an interface transition over a length scale of ~40 nm (comparable to that of WS2-WSe2 

heterostructure interface). These studies confirm the formation of MoS2-MoSe2 lateral 

heterostructures within the monolayer nanosheet.  
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Figure 6.3. (a) AFM and optical microscope image (inset) of a triangular MoS2-MoSe2 
monolayer domain, with an AFM line scan indicating the step height of ~0.8 nm.  The scale bars 
are 2 µm. (b) Raman spectra taken from the center (MoS2) and peripheral area (MoSe2) of a 
triangular heterostructure domain. (c) PL emission spectra obtained from the center (MoS2) and 
peripheral area (MoSe2) of a triangular heterostructure domain. (d, e) Raman spectroscopy maps 
of the A1g mode of MoS2 at 403 cm-1 (d) and A1g mode of MoSe2 at 235 cm-1 (e). The scale bars 
are 2 µm. (f, g) PL maps of the center MoS2 region with emission at 680 nm (f) and the outer 
MoSe2 region with emission at 790 nm (g). The scale bars equals to 2 µm. (h) Low-resolution 
TEM image of a monolayer heterostructure nanosheet. The white doted line roughly illustrates 
the boundary between MoS2 and MoSe2. The scale bars equals to 200 nm. (i, j) SAED patterns 
taken from the MoS2 region (i) and the MoSe2 region (j) of a lateral heterostructure. (k) EDS line 
scan across the MoS2-MoSe2 heterostructure interface demonstrates the opposite modulation of S 
and Se concentration.  

6.4 WS2-WSe2 vertical heterostructures 

Vertical WS2-WSe2 heterostructures were grown under the same experimental conditions 

as the lateral WS2-WSe2 heterostructures. Both lateral and vertical heterostructures coexist on the 

same substrate growth. The synthesized vertical WS2-WSe2 heterostructure comprises just two 
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layers. The underlying WS2 is typically an equatorial triangular and has larger area compared the 

top WSe2 nanosheet. An optical micrograph shows the typical WS2-WSe2 vertical heterostructure 

grown directly on the substrate (Fig. 6.4a). The top WSe2 layer is triangular and has orientation 

either parallel or anti-parallel with the underlying WS2 layer, suggesting an existing epitaxial 

relationship between WS2 and WSe2. The parallel or anti-parallel orientation corresponds to a 

60° rotation of a trigonal prismatic crystal structure, consistent with the AA’ stacking model of 

2H WS2 and WSe2. Isolated WSe2 crystals were not observed on the substrate, indicating all 

nucleation and growth of WSe2 crystals occurred exclusively WS2 monolayer.  

 Raman spectroscopy and PL measurements were taken on three distinct areas; the 

peripheral edge of the first layer (region three), the area between the edge of the first layer and 

the edge of the secondary layer (region two) and the secondary layer region (region one) (Fig. 

6.4d, g).  The Raman spectrum taken at region two shows the prominent peaks of the WS2, the 

A1g resonance mode at 415 cm-1 and the E2g resonance mode at 355 cm-1 (green line, Fig. 6.4g).  

The Raman spectrum taken at region one shows the Raman vibrational modes of WS2 at 415 cm-

1 (A1g) and 354 cm-1 (E2g) and WSe2 at 251 cm-1 (A1g) are present, indicating the presence of a 

heterojunction interface (black line, Fig. 6.4g). Interestingly, the Raman spectrum fixated on 

region three shows only a WSe2 peak at 258 cm-1 (A1g), signifying WSe2 grew on both the 

peripheral edges and top of the underlying WS2 nanosheet (orange line, Fig. 6.4g). PL can 

distinguish between monolayer, bilayer and multilayer WS2 and WSe2. PL measured on region 

two has intense emission at 635 nm (1.95 eV), indicative of WS2 monolayer direct optical band 

gap (orange line, Fig. 6.4 d). When PL was measured at the heterojunction in region one, 

significantly relaxed emission corresponding to WS2 (635 nm, 1.95 eV) and WSe2 (705 nm, 1.76 

eV) was observed, indicating the double-layer reduced emission and the primary electronic 
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structure is lower-energy indirect band gap (black line, Fig. 6.4d).  Interestingly, when PL was 

measured at region three, enhanced emission at 705 nm (1.76 eV) was observed, indicative of 

monolayer WSe2 (red line, Fig. 6.4d). AFM measurements on the vertical heterostructure show a 

~0.7 nm jump from the substrate to the crystal (Fig. 6.4b). The height scan from the monolayer 

region to the heterojunction region shows the jump to be ~0.9 nm, confirming the heterojunction 

region is one layer thick. The combined results of Raman, PL and AFM indicate the presence of 

both lateral and vertical WS2-WSe2 heterojunction interfaces within the crystal (representative 

schematic in Fig. 6.4c)  
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6.5 MoS2-MoSe2 vertical heterostructures 

 Akin to WS2-WSe2 heterostructures, vertical MoS2-MoSe2 heterojunctions grew 

alongside the lateral MoS2-MoSe2 heterostructure counterparts. During the MoS2 growth process, 

some MoS2 sheets grew into films with lateral areas of 100 µm x 100 µm, similar to MoS2 films 

reported in chapter 2 (Fig. 2.2f). Darker MoSe2 triangular heterojunctions were found on top of 

the MoS2 film with lateral lengths up to several tens of µm. The MoSe2 crystals were aligned 

parallel or antiparallel to one another, indicating an epitaxial relationship between the MoS2 and 

MoSe2.  On each film, there were several clusters of MoSe2 heterobilayers (Fig. 6.5a). A darker 

optical contrast exists between the MoSe2 heterobilayer and the MoS2 homobilayer (Fig 6.5a, b), 

due to larger absorption coefficient for MoSe2 compared to MoS2.46 

 Raman and PL spectroscopies were implemented to probe the optical and vibrational 

MoS2-MoSe2 vertical heterostructure. Raman spectroscopy measurements focused on the 

underlying film show peaks at 404 cm-1 and 387 cm-1, indicative of the A1g and E2g resonance 

modes of monolayer MoS2 (blue line, Fig. 6.5g). The Raman spectrum taken at the triangular 

bilayer region displays two distinctive sets of peaks. The first peak is at 239 cm-1, which 

correspond to the A1g of MoSe2, while the peaks at 387 cm-1 and 404 cm-1 match with the peaks 

of region one, indicating the MoS2 film lies beneath the MoSe2 layer (pink like, Fig. 6.5g).  

Raman mapping clearly distinguishes the MoS2 film (blue region, Fig. 6.5h) from the MoS2-

Figure 6.4 (a) An Optical micrograph of a vertical WS2-WSe2 heterostructure. (b) Atomic force 
micrograph of (a).  The height from the bilayer and monolayer are ~0.9 and~ 0.7 nm, 
respectively. (c) Illustration showing the WS2 and WSe2 regions of (a). (d) PL spectrum 
depicting emission from regions one, two and three from the optical micrograph in (a). (e) PL 
map of WS2 focused at 637 nm. (f) PL map of WSe2 focused at 702 nm. (g) Raman spectrum 
depicting vibrational modes from regions one, two and three. (g) Raman map highlighting WS2 
E2g vibrational mode at 355 cm-1. WS2 encompasses the entire crystal (h) Raman map 
highlighting the WSe2 A1g vibrational mode at 257 cm-1. WSe2 is located at the bilayer and edge 
of the crystal. All scale bars are 2 µm. 
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MoSe2 heterojunctions (maroon triangles, Fig. 6.5i).  PL emission intensity can distinguish single 

and multilayers within a MoS2 or MoSe2 nanosheet.  PL emission spectroscopy taken on the 

underlying film display intense emission at 680 nm (1.82 eV), confirming the film is monolayer 

MoS2 (black line, Fig. 6.5d). PL emission spectroscopy focused on the bilayer region has 

significantly relaxed emission located at 680 nm (1.82 eV) and 805 nm (1.54 eV), corresponding 

to MoS2 and MoSe2, respectively (red line, Fig. 6.5d). The bilayer emission observed 

corresponds to the direct band gap electronic pathway of MoS2 and MoSe2, except with 

significantly reduced intensity compared to its monolayer counterpart. PL mapping highlights the 

distinguishing divisions between MoS2 film (yellow region, Fig. 6.5e) and the MoS2-MoSe2 

vertical heterojunction (white triangles, Fig. 6.5f).  The black voids on the MoS2 PL map show 

the clear difference in emission intensity between the MoS2 film and the MoS2-MoSe2 

heterojunctions. The combined results of Raman and PL spectroscopies show that the vertical 

heterostructure consists of an underlying MoS2 film and a secondary MoSe2 nanosheet. 
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Figure 6.5. (a) An Optical micrograph of a vertical MoS2-MoSe2 heterostructures. The 
underlying film is MoS2.  The secondary thin and thick crystals are MoSe2. The scale bar is 6 
µm. (b) Enhanced image of (a) highlighting several heterojunctions of interest.  (c) Top-down 
and cross-section schematic showing the composition of the heterojunction in (a, b). (d) PL 
spectrum depicting emission from the MoS2 underlying film (black line) and from the MoSe2-
MoS2 heterojunction (red line) (e) PL map of MoS2 focused at 680 nm. (f) PL map of MoSe2 
focused at 702 nm. (g) Raman spectrum depicting acoustic vibrations from the MoS2 underlying 
film (blue line) and the MoS2-MoSe2 heterojunction (pink line). (g) Raman map highlighting 
MoS2 A1g vibrational mode at 404 cm-1. MoS2 encompasses the entire image (h) Raman map 
highlighting the MoSe2 A1g vibrational mode at 239 cm-1. MoSe2 is confined to the 
heterojunction. All scale bars (except Fig 6.5a) are 2 µm. 
 
6.6 Heterostructure growth mechanism  

Since both the vertical and lateral MoS2-MoSe2 and WS2-WSe2 heterostructures exist on 

the same substrate, there must be some difference in morphology that promotes the selective 

growth of either vertical or lateral heterostructures. MoSe2 bilayers have a darker optical contrast 
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compared to MoS2 bilayers due to the larger absorption coefficient of MoSe2.46 Focusing first on 

MoS2-MoSe2, select OM images reveal an optical contrast within the bilayer of the 

heterojunction (Fig. 6.6a). To show that the regions optical contrast is not due to fluctuations in 

nanosheet thickness, an atomic force micrograph shows the height of the bilayer region does not 

vary (Fig. 6.6b). Regions one, two, and three on the OM and AFM images show monolayer 

MoS2, bilayer MoS2 and heterostructured MoS2-MoSe2, respectively. PL measurements taken on 

the bilayer (region two) show mild emission at 680 nm (green line, Fig. 6.6d), while the 

underlying MoS2 film region has intense emission at 680 nm (blue line, Fig. 6.6d), corresponding 

to bilayer and monolayer MoS2, respectievly.3,4 The outer region heterojunction has trivial 

emission at 680 nm and stronger emission at 800 nm (red line, Fig. 6.6d), consistent with 

previous MoS2-MoSe2 vertical heterojunction PL emission spectroscopy.  The PL map highlights 

the difference between MoS2 (680 nm, Fig. 6.6e) and MoSe2 (800 nm, Fig. 6.6f).  The Raman 

spectrum in region one (blue line, Fig. 6.6g) shows characteristic MoS2 vibrational modes at 403 

cm-1 (A1g) and 380 cm-1 (E2g).  The Raman spectrum in region two (green line, Fig. 6.6g) has 

intense vibrational peaks at 403 cm-1 (A1g) and 375 cm-1 (E2g). The peaks in region three (red line, 

Fig. 6.6g) have peaks at 239 cm-1 (MoSe2 A1g), 401 cm-1 (MoS2 A1g) and 379 cm-1 (MoS2 E2g).  

The MoSe2 region is emphasized in the Raman map, and has a noticeable hexagonal void in the 

center where the MoS2 homobilayer resides (Fig. 6.6i). It is worth noting that the lack of MoSe2 

Raman signature in region two, as well as the larger MoS2 resonance intensity in region one is 

well-defined in the MoS2 Raman map (Fig. 6.6h). The combined OM and AFM images, Raman 

and PL spectra and maps confirm the crystal consists of an underlying MoS2 film, with a MoS2 

homobilayer that is laterally stitched to a MoSe2 heterobilayer.  Essentially, both vertical and 

lateral heterojunctions exist within the same crystal. Although this mechanism was observed for 
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many of the MoS2-MoSe2 vertical heterostructures, some of the vertical heterostructures didn’t 

conclusively show a homobilayer (Fig. 6.5). Since MoS2 is reported to nucleate and grow on 

rough surfaces, this can help induce heterogeneous nucleation in the underlying surface.  

However, most of the heterostrucutres observed follow the homobilayer formation.   
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Figure 6.6. (a) Optical micrograph of a MoS2-MoSe2 vertical heterostructure.  Regions one, 
two and three correspond to monolayer MoS2, bilayer MoSe2 and heterostructured MoS2-
MoSe2, respectively. (b) AFM image of (a) showing the basal plane of the crystal is flat across 
the interface between region two and three. (c) Illustration displaying the top-down and cross-
section of image (a). (d) Photoluminescence (PL) spectrum showing region one (MoS2, blue 
line), region two (MoS2, 10x enhanced green line), and region three (MoS2-MoSe2 
heterojunction, red line). (e) PL map focused at 680 nm (MoS2). (f) PL map focused at 800 nm 
(MoSe2). (g) Raman spectrum showing region one (MoS2, blue line), region two (MoS2, green 
line), and region three (MoS2-MoSe2 heterojunction, red line). (h) Raman map depicting the 
MoS2 regions (A1g, 403 cm-1). (i) Raman map depicting the MoSe2 regions (A1g, 239 cm-1).	
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WS2-WSe2 vertical heterostructures were examined to determine the vertical 

heterostructure formation mechanism (Fig. 6.7a). The phase mode of AFM can be used to 

highlight the differences in surfaces due to the stiffness between the tip and the crystal surface.   

Hence, it can distinguish between WS2 and WSe2 surfaces in an AFM image. When a phase 

AFM image was generated on a vertical WS2-WSe2 heterostructure, clear differences in the 

composition of a vertical heterostructure are noticed (Fig. 6.7c). An AFM height scan of the 

same WS2-WSe2 crystal shows the height difference from the substrate to the nanosheet is 0.7 

nm, and across the bilayer is ~0.9 nm (Fig. 6.7b). The height is level across the monolayer and 

bilayer region. From the AFM study, the WS2-WSe2 crystal is divided into four sections; region 

one at the center of the crystal, region two the bilayer area surrounding area region one, region 

three the underlying monolayer crystal and region four, the peripheral monolayer area 

surrounding area region three. Raman and PL spectra and maps confirm that regions one and 

three consist of bilayer and monolayer WS2, while regions two and four consist of monolayer 

WSe2 (Fig. 6.4).  From the combined results of AFM, Raman and PL, the crystal is revealed to 

have a WS2 monolayer and homobilayer, and two independent WSe2 heterojunctions at 

thebilayer and monolayer interfaces.  For crystals with an absence of a homobilayer, only lateral 

WS2-WSe2 heterostructures are observed.  
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From the observations of a homobilayer presence on both MoS2-MoSe2 and WS2-WSe2 

vertical heterostructures, a growth mechanism explanation emerges.  After the initial underlying 

layer is created, the MoS2 or WS2 nanosheets either consist of a smooth basal plane or have a 

homobilayer.  After the Se precursors are introduced, MoSe2 or WSe2 only grows at high-energy 

interfaces. It is known that the edges of MoS2 or WS2 consist of dangling S or Mo bonds, 

whereas the basal plane of MoS2 and WS2 has completely saturated bonds. Consequently, the 

MoSe2 preferentially grows on these exposed MoS2 lateral edges. In the absence of a 

homobilayer of MoS2 or WS2, the MoSe2 or WSe2 lacks the required energy to nucleate and 

create a new surface on the underlying basal plane. Therefore, whenever a homobilayer exists, 

the secondary grown MoSe2 or WSe2 will grow into a vertical heterostructure.  However, in the 

absence of a homobilayer, the secondary grown MoSe2 or WSe2 will grow only into a lateral 

MoSe2 or WSe2 heterojunction. These observations match a growth mechanism study of single 

and multilayered MoS2 describing the probability of precursors growing at the crystal edges 

rather than the basal plane.47 

Figure 6.7 (a) An optical micrograph of a vertical WS2-WSe2 heterostructure.  (b) Atomic 
force micrograph of (a) showing the height difference between the substrate and the center 
region is ~0.7 and ~0.9 nm.  There is no appreciable height difference between the WS2 and 
WSe2 within the heterojunction. (c) Phase image showing a contrast between WS2 (lighter) 
and WSe2 (darker) surfaces on the crystal.    
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6.7 Conclusion 

In summary, we have successfully demonstrated the growth of lateral heterojunctions of 

2-D layered semiconductors through a hetero-epitaxial approach. The realization of lateral 

heterojunction in the 2-D layered semiconductors can open up exciting opportunities for creating 

a wide range of functional devices, ranging from the complementary logic circuits, photovoltaics, 

photo-detectors, to light-emitting diodes and laser diodes. Lateral MoS2-MoSe2 and WS2-WSe2 

had a laterally stitched epitaxial interface characterized by optical microscopy, atomic force 

microscopy, transmission electron microscopy, Raman and photoluminescence spectroscopy.  

Vertical MoS2-MoSe2 and WS2-WSe2 heterostuctures consisted of an underlying “S” based 

transition metal dichalcogenide layer and an “Se” based secondary layer, confirmed by optical 

microscopy, atomic force microscopy, Raman and photoluminescence spectroscopy. Vertical 

heterostructures were found to grown when a homobilayer of the “S” based transition metal 

dichalcogenide grew. From the dangling bond at the peripheral edges of the vertical 

heterostructure (terminal bilayer and monolayer regions), the MoSe2 or WSe2 grew into extended 

2-D sheets. In the absence of a MoS2 or WS2 homobilayer formation, only lateral 

heterostructures were observed. 

6.8 Method Summary 

6.8.1 MoS2-MoSe2 heterostructures   

The MoS2 was grown similarly to the chapter 2 method. 0.1 g MoO3 powder (Sigma, 

99.9%) was placed in a 5 mL alumina boat in quartz tube in the center of the heating zone in a 

12-inch horizontal tube furnace (Lindberg Blue).  0.08 g of S powder (Sigma, 99.9%) and 0.3 g 

of Se powder (Sigma, 99.9%) were placed in upstream of the MoO3 boat.  Three substrates were 

placed polished-side-down on top of the MoO3 boat packed tightly together. 100 standard cubic 
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centimeters (sccm) of Ar was flowed through the tube and purged under vacuum several times. 

The pressure was maintained at 1 atm throughout the reaction. The furnace was ramped at 50 

°C/min until reaching the growth temperature of 750 °C. The tube was then shifted to place the S 

powder at the edge of the furnace to supply sufficient heating for to vaporize the S powder. The 

S powder was sufficiently vaporized in five minutes and the furnace temperature was lowered to 

700 °C.  After several minutes, the furnace reached 700 °C and 5 sccm of H2 was flowed 

alongside 65 sccm of Ar gas in order to promote the MoSe2 growth. Immediately after activating 

H2 gas, the Se powder was placed in the heating region (similar location as the S was in the prior 

growth) and the Se powder was allowed to vaporize for fifteen minutes.  After fifteen minutes, 

the furnace was turned off and allowed to cool to room temperature.  When the furnace cooled to 

room temperature, the substrates were removed and characterized. 

6.8.2 WS2-WSe2 heterostructures 

The WS2 was grown first similar to the previously reported method in chapter 3. 0.01 g 

was spread out on the substrate, which was placed slightly before the center of the furnace. Three 

2 cm× 2 cm silicon oxide substrates were placed downstream 1 cm away from the substrate 

containing WO3, and 1 cm apart from each other substrate. 100 sccm of Ar was flowed through 

the tube and purged under vacuum several times. The pressure was maintained at 1 atm 

throughout the reaction. The furnace was heated at 50 °C/min until reaching the growth 

temperature of 850 °C.  The tube was then moved 1 - 2 cm into the heating zone to place the S 

powder at the edge of the furnace.  After five minutes when the S powder was sufficiently 

vaporized, 5 sccm of H2 was flowed order to enhance the WSe2 growth. After activating the H2 

flow, Se powder was immediately placed in the heating region and the Se powder was allowed to 
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vaporize.  After fifteen minutes, the furnace was turned off and allowed to cool to room 

temperature for characterization.   

6.8.3 Characterizations.  

The microstructures and morphologies of the nanostructures are characterized by optical 

microscope, atomic force microscope (AFM), and transmission electron microscope (TEM). The 

micro-Raman and micro-PL studies were conducted using a Horiba LABHR confocal Raman 

system with an Ar ion laser (514 nm) excitation.  
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Chapter 7. Conclusion 

MoS2, WS2, MoSe2 and WSe2, all members of the group six transition metal 

dichalcogenide family, were synthesized.  The transition metal dichalcogenide single and few-

layer triangular nanosheets were grown directly onto 300 nm SiO2/Si substrates.  MoS2, WS2 and 

MoSe2 were grown using a combination of S, Se, MoO3 (H2 gas with MoSe2) and WO3 

precursors in a chemical vapor deposition apparatus. WSe2 was grown using an alternative 

deposition method, where WSe2 bulk powder was vaporized and grew on substrates located in a 

cooler region. The single and few-layer transition metal dichalcogenides were optically 

distinguishable, nucleated randomly on the substrate and had edge lengths up to 100 µm.  

For MoS2, Raman spectroscopy was used extensively not only to verify the crystal 

structure, but also to highlight differences between bulk and single-layer vibrational modes.   

Atomic force microscopy showed the thickness of a single layers to be between ~ 0.65 – 1.0 nm.  

Photoluminescence emission of MoS2 single layers had an intense emission peak corresponding 

to the optical direct band gap. Thicker MoS2 has had significantly reduced emission since the 

primary electronic pathway is a lower energy indirect band gap. In the case of WS2, Raman 

spectroscopy verified the crystal structure and highlighted changes between single and few-

layers of the crystals. WS2 photoluminescence emission probed direct band gap emission of 

monolayer WS2, while showing thicker synthesized WS2 had no direct band gap signature.   

Large area MoSe2 nanosheets using MoO3 and Se powder precursors in a mixture of Ar 

and H2 gases in a horizontal tube furnace. H2 is a critical component of the reaction by enhancing 

the reduction of MoO3 with Se to form MoSe2. MoSe2 analyzed using Raman spectroscopy 

showed a thickness-dependent vibrational shift.  Monolayer MoSe2 photoluminescence has 

intense emission centered 800 nm, corresponding to the optical direct band gap.  
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An alternative method of vaporizing solid WSe2 powder to synthesize WSe2 monolayers, 

bilayers, and few-layer nanosheets was described. The method utilizes the vaporization of bulk 

WSe2 powder, which grows into isolated domains and films at the cooler end of the tube furnace. 

Through the characterization of atomic force microscopy, photoluminescence, transmission 

electron microscopy and Raman spectroscopy, we show that the large area monolayer WSe2 thin 

film with lateral dimensions approaching ~ 1 cm2.  

Finally, the growth of lateral heterojunctions of 2-D layered semiconductors through a 

lateral hetero-epitaxial approach is described. The realization of lateral heterojunction in the 2D 

layered semiconductors can open up exciting opportunities for creating a wide range of 

functional devices, ranging from the complementary logic circuits, photovoltaics, photodetectors, 

to light-emitting diodes and laser diodes.  Lateral MoS2-MoSe2 and WS2-WSe2 consisted of a 

laterally stitched epitaxial interface characterized by optical microscopy, atomic force 

microscopy, transmission electron microscopy, Raman and photoluminescence spectroscopy.  

Vertical MoS2-MoSe2 and WS2-WSe2 heterostuctures consisted of an underlying “S” based 

transition metal dichalcogenide layer and a “Se” based secondary layer, confirmed by optical 

microscopy, atomic force microscopy, Raman and photoluminescence spectroscopy. Vertical 

heterostructures were found to grown when a homobilayer of the “S” based transition metal 

dichalcogenide grew. From the dangling bonds at the peripheral edges of the vertical 

heterostructure (terminal bilayer and monolayer regions), the MoSe2 or WSe2 grew into extended 

2D sheets. In the absence of a MoS2 or WS2 homobilayer formation, only lateral heterostructures 

were observed.  My dissertation research has helped shape the field of 2-D semiconducting film 

research, and the methods described shape the future for 2-D materials synthesis on a grand 

scale. 




